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SUMMARY

This thesis research was focused on the development and characterisation of starch-based
materials. Two types of materials with different applications were prepared: plasticised starch films
and nanocomposite films as alternative of packaging materials and starch cross-linked hydrogel

nanocomposites for biomedical applications.

Firstly, plasticised maize starch films were prepared by solvent casting using glycerol, D-
isosorbide and 1,3-propanediol as plasticisers in order to analyse the effect of the plasticiser on the
final properties and the retrogradation phenomenon. Then, nanocomposite films were developed by
the incorporation of polysaccharide nanocrystals, i.e. waxy maize starch nanocrystals and cellulose
nanocrystals. The influence of adding different waxy maize starch nanocrystals contents as well as
the effect of adding together waxy maize starch and cellulose nanocrystals was evaluated. In
addition, the viability to produce plasticised starch films by extrusion/compression methodology
was analysed. Furthermore, plasticised starch nanocomposite films were prepared by the addition of
carbonaceous nanoparticles. The influence of adding different graphene and graphene oxide
contents into the plasticised starch matrix was analysed. Besides, graphene oxide was reduced with

ascorbic acid in order to improve the electrical conductivity of the films.

Regarding the synthesis of hydrogel nanocomposites, on one hand, furan-modified starch was
cross-linked by Diels-Alder reaction using a tetramaleimide as cross-linker and reinforced with
cellulose nanocrystals. Different nanocrystal contents were added in order to study the influence on
the rheological behaviour, swelling capacity and morphology, as well as on the drug release kinetics
and the cell viability. Finally, Diels-Alder hydrogel nanocomposites were prepared between furan-
modified starch cross-linked by bismaleimide. The effect of using different furan to maleimide
weight ratios on the behaviour of hydrogels was analysed. In addition, conductive and antimicrobial

hydrogel nanocomposites were designed adding graphene and using Salvia extracts as stabilisers.
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1. INTRODUCTION

1.1. MOTIVATION

Science, always linked to technology, works intensely looking for solutions to the new
challenges that our society is facing every day. The society, in constant evolution, needs to give
answer to the handicaps found in sectors such as medicine, environment, transport, energy or food.
In this sense, the development of novel materials with specific properties that will improve our

wellbeing while contributing to progress and ensuring a more sustainable future is essential.

In this line of investigation, nowadays, multidisciplinary researchers are focused on the
development of biopolymer-based (IUPAC definition of biopolymer: polymers formed by living
organisms, from biomass) new materials with competitive properties for a wide range of
applications. In this context, polysaccharides are the perfect candidate to be “green” alternative
materials due to their accessibility and physicochemical properties. Among them, starch is outlined
as precursor of environmentally friendly and bio-based materials due to its availability from many
species, versatility to be modified both physically and chemically, biodegradability and low cost [1].
However, starch shows some important drawbacks, such as its high hydrophilicity and its poor
mechanical behaviour [2]. In addition, the recrystallization and retrogradation phenomena affect the
evolution of the properties with the time. Therefore, several strategies such as polymeric blending,
use of different plasticisers, development of nanocomposites, chemical modification and cross-
linking have been proposed in the literature as methods to improve the physicochemical behaviour

of starch-based materials [2-5].

Thus, in this work, we focused in two challenges: the development of “green” alternatives for

packaging and the synthesis of hydrogels to be applied as biomaterials.
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In order to reduce environmental concerns of using commodity plastics derived from
petroleum soutces, researchers are focused in the design of biodegradable, compostable and/or
recyclable bioplastics that could reduce the use of raw materials from fossil sources and could
decrease the emission of greenhouse gases at the end of their useful life. Thus starch, in particular in
form of plasticised starch (PLS) and thermoplastic starch (TPS), have been revealed as an
appropriate candidate to be employed as substitute of synthetic polymers traditionally used for

packaging.

On the other hand, hydrogels derived from biopolymers can overcome the limitations that
some other biomaterials show (foreign body response, mechanic failure, electrical response) [0],
since they are able to retain large amount of water and biological fluids, present high
biocompatibility and functional versatility [7]. Starch, in addition to its specific physicochemical and
biological behaviour, presents primary and secondary hydroxyl groups that allows the incorporation
of functional groups [8]. Thus, starch emerged as an appropriate polysaccharide for the formation of

hydrogels to be applied in biomedicine [9].

1.2. STATE OF ART
1.2.1. Starch

Starch is a hydrophilic and semi-crystalline natural biopolymer of renewable origin and
biodegradable character produced by many green plants as a source of energy [10-15]. It is one of
the most abundant biopolymers in the world [16], since it can be found in roots, tubers, seeds, stem,

leaves and fruits of several agricultural crops [15,17-19].

Historically, starch besides being an essential carbohydrate in the human diet [19], has been
used as adhesive of Egyptian papyrus (4000 BC), in Chinese papers (312 AD) or as stiffener in the

textile industry (16" century) [20]. However, over the last centuries the production and applications
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of starch have increased. According to the European Starch Industry Association (Starch Europe)
[20], in 2017, 24 million tons of agricultural raw materials were processed into 11 million tons of
starch and 5 million tons of co-products (Figure 1.1). The principal processed crops were potato
(30%), maize (34%) and wheat (36%). That year, the European market consumed a total of 9.4
million tons of starch (without considering the starch bi-products around 5 million tons), including
modified starches (19%), native starches (27%) and starch sweeteners (54%). The starch market is
divided in three main sectors: animal feed (2%), non-food (40%, principally corrugating and papers)

and food applications (58%, mainly confectionary and drinks) (Figure 1.1).

PROCESSED RAW MATERIALS EUROPEAN STARCH MARKET
Total: 23.8 million tones Total: 9.4 million tones
30% 34% 36% 2% 40% 58%

oy

POTATO MAIZE WHEAT ANIMAL
20% amylose  28% amylose  30% amylose FEED

S

NON-FOOD

Figure 1.1 — Agriculture crops processed in Europe and applications of the starch market [20].

Starch is mainly composed of a mixture of two glycosidic macromolecules, i.e. amylose and
amylopectin [11,16,21]. Amylose is a linear polysaccharide made up of (1-4)a-d-glycopyranose units,
whereas amylopectin is a highly branched macromolecule composed of both «(1-4) and «(1-6)
glycopyranosyl linkages [3,16,22] and it is the main responsible of the crystalline character [17,23-25]
(Figure 1.2). In addition to amylose and amylopectin, starch granules contain small amounts of
proteins (0.1 — 0.7%), lipids (<1.5%, fatty acids and lysophospholipids) and phosphorous (found in

phospholipids and as phosphate monoesters) [15].
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Figure 1.2 — Chemical structure of amylose and amylopectin.

Starch is synthesised in form of granules in plastids (organelles of eukaryote cells), namely in
chloroplasts or amyloplasts [15]. In the case of maize starch, as well as other cereals, starch is stored
in the plastids at seed endosperm [26,27] (as shown in Figure 1.3). The size (diameter varying from 1
to 100 um) and morphology (spheres, ellipsoids, polygon, platelets or irregular tubules) of the
resulting granules, as well as the amylose/amylopectin ratio and crystallinity depends on the

botanical origin [15,28-30].

Endosperm

Pericarp

Germ

Figure 1.3 — Scheme of maize grain.

Figure 1.4 describes the structure of the starch granules and illustrates the different
organisation levels: granule, blocklet structure, lamellae structure, amylopectin cluster, amylopectin

double helix and crystal structures.
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Granule surface

Hilum
— Semicrystalline growth ring
(large /normal blocklets)
\ Amorphous growth ring
)\ (small /defective blocklets)
a) WHOLE GRANULE b) BLOCKLET STRUCTURE
Amylose Lipid ’
\)u Pepry ¥
roESR
é Crystalline lamellae
Amorphous lamellae i o)
% /gg %3§A§Q §?>§\ 1
e) AMYLOPECTIN CLUSTER d) LAMELLAE STRUCTURE c) NORMAL BLOCKLET
A-type B-type
f) AMYLOPECTIN DOUBLE HELIX g) CRYSTAL STRUCTURES

Figure 1.4 — Model of different levels of structural organisation of the starch granule. a) Section of the whole

granule showing the radial organisation of alternating semi-crystalline (black) and amorphous (white) growth

rings extending from the hilum. b) The blocklet structure where blocklet size is bigger in the semi-crystalline

growth rings (green blocklets) than in the amorphous growth rings (yellow blocklets). ¢) Normal blocklet that
presents several crystalline and amorphous lamellae. d) Lamellae structure presenting the organisation of

amylopectin chains on it. ¢) Amylopectin cluster: amylose and lipid arrangement in the organisation of
amylopectin chains. f) Amylopectin double helix structure. g) Top view of the organisation of amylopectin
double helix leading to different crystalline structures, named A- and B-type polymorphism.
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The synthesis and growth of starch granules starts from the hilum and is arranged in form of
alternant amorphous (named elsewhere as semi-crystalline or soft shells [23,31,32]) and semi-
crystalline growth rings (also named crystalline or hard shells [23,31,32]) around it [31] (Figure 1.4a).
The growth rings are thicker near the hilum and thinner in the granule surface due to the increasing
surface area that is added to the constant growth rate [23,31]. However, they are considered to
present an average thickness of 100 — 400 nm [31]. The surface of the granule is sometimes,
especially in many cereals, connected with the interior of the granule by channels containing proteins

and phospholipids [31].

At a higher level of structure, in 1997 Gallant et al. [23] proposed the blocklet concept,
describing a new level of structural organisation in the starch granule (Figure 1.4b). Gallant et al. [23]
stated that both amorphous and semi-crystalline growth rings are composed by spherical protrusions
called blocklets. Besides, they defined that the amorphous rings are formed by small blocklets,

whereas the semi-crystalline rings are made up of bigger ones.

A decade later, Tang et al., [32] differentiated defective and normal blocklets, the first
constitutes the amorphous rings, while the latter form the semi-crystalline rings (Figure 1.4c). The
defective blocklets that constitutes the amorphous rings, are formed due to the presence of lower
branching molecules (amylose and other intermediate materials) that hindered the crystallization. On
the contrary, the semi-crystalline rings are made up of normal blocklets that are formed by the

clusters of amylopectin molecules.

Despite all this knowledge, the internal structure of blocklets has not still been completely
defined, since the method to isolate the blocklets from the granules has not been established yet
[31,32]. However, nowadays, it is well accepted that the blocklets are a semi-crystalline ultrastructure
containing several amorphous (3 - 4 nm thickness) and crystalline lamellae (5 - 6 nm thickness)

[23,32] (Figure 1.4d). The structure of amorphous lamellae is scarcely described. It is suggested to be
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formed by amylopectin branching regions [23]. In contrast, the crystalline lamellae consist in ordered
double helixes of amylopectin side chain clusters [23] (Figure 1.4¢) that consist of two polyglycosyl

chains [31] (Figure 1.4f).

The double helices of amylopectin crystallize leading to different allomorphisms [15] (Figure
1.4g). The crystallinity of native starch granules has been widely studied by X-ray diffraction (XRD),
and it has been determined to be around 15 - 45% [23,25,33]. Due to different packing of the
amylopectin double helices, starch crystallinity can be classified in different polymorphism, i.e., A-,
B- and C-type crystalline patterns [15,23]. The A- (cereals) and B-type (tubers) are the most common
polymorphisms, whereas the C-type (legumes) is a combination of both [1,24]. The A-type
organisation exhibits a monoclinic unit cell where the double helices are stacked together and the
water molecules fill the space between them [1,24,25]. In contrast, in the B-type pattern the double
helices remain separated and water is accumulated inside the central cavity [1,25]. The described

structure of the starch granules is illustrated in the Figure 1.4.

As mentioned earlier, in order to overcome the disadvantages of starch derived products,
mainly its hydrophilic character, the weak mechanical behaviour and the instability of its properties
due to retrogradation, the following solutions routes are elsewhere suggested: polymeric blending,
use of different plasticisers and development of nanocomposites, chemical modification and cross-
linking [2-5]. In the mentioned situations, the above described crystalline structure of the starch is
normally destroyed by dissolution or by the so-called gelatinisation process in order to obtain

flexible, highly reactive or more stable materials depending on the case.

1.2.2. Gelatinisation of starch

The thermal processing of starch-based polymers may include several chemical and physical
reactions, namely water diffusion, granule expansion, gelatinisation, decomposition, melting and

crystallization [34]. Among them, the irreversible process known as gelatinisation is of deal
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importance since it is the basis of the processing of most starch-based materials to obtain

biodegradable plastics [34,35].

Actually, starch in the native form is not processable as a real thermoplastic polymer
[1,28,36,37], since the melting temperature is higher than the decomposition temperature [34,38].
Therefore, it is necessaty to use plasticisers, heat and/or shear forces to induce the gelatinisation
process [38] and obtain a material that can be processed. Thus, when starch is mixed with an
appropriate plasticiser in presence of water and heated to an appropriated temperature, the starch
chains reach enough chain mobility for being gelatinised [39]. Consequently, the starch granules are
swelled and distupted and the native crystalline domains are partially or completely destroyed and
the birefringence is lost [40,41] due to the disappearance of the double helices and the lamellar long
range crystalline structure [39]. This complex process results in the so-called Plasticised Starch (PLS)
[42] which seems suitable as substitute synthetic polymers in packaging applications. Besides, the
material known as Thermoplastic Starch (TPS) is obtained when a mechanical energy is also applied
during the gelatinisation, usually by extrusion technique. In this case, the gelatinisation of starch is
facilitated by mechanical shear stress [39] which would increase the mechanical disruption of

molecular bonds leading to the loss of crystallinity [34,43].

1.2.2.1. Plasticisers

When starch is gelatinised using only water and temperature, brittle materials with null
applicability in the packaging field are obtained. However, when an appropriate plasticiser is added
into the gelatinisation media, the mechanical and thermal properties of the obtained materials are
improved [44], since the addition of plasticisers result in increased flexibility and better processability
[45]. Indeed, the use of convenient plasticisers facilitates the disruption of starch granules and the
destruction of the crystalline domains. During the gelatinisation the inter- and intramolecular

hydrogen bonds in starch are substituted by starch/plastisizer intermolecular forces leading to the

-10-
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increase of the free volume and the mobility of the chains, as well as the decrease of the glass

transition temperature (Ty) [45—47].

Thus, the selection of a suitable plasticiser is crucial since the disruption of the starch granules
and the final behaviour of the material will be highly dependent on the chemical nature and content
of the plasticiser [12,47,48]. The compatibility with the matrix, the desired physicochemical

properties and the cost are factors that must be also taken into account [49].

The gelatinisation is normally performed with low molecular weight plasticisers that facilitate
the disruption of the starch granules. Due to its low cost, nontoxic behaviour, and high boiling point
the most widely used plasticiser in starch-based materials is glycerol, with three hydroxyl groups in
its structure [36,50—52]. However, other water-soluble additives such as polyols (xylitol, sorbitol,
ethylene glycol) [40,41,46,53], citric acid [53,54], fatty acids [40,53,54], urea [41,53], or formamide

[45,53] have also been investigated as plasticisers.

In the present research work, considering the importance of the molecular weight [49] as well
as the available hydroxyl groups [48], D-isosorbide and 1,3-propanediol were hereby studied as
plasticisers comparing their effectiveness and suitability with the most used glycerol (Figure 1.5). D-
isosorbide (1,4:3,6-dianhydro-D-sorbitol), is a secondary cyclic alcohol composed by two adjacent
tetrahydrofuran rings with two hydroxyl groups in the positions 2 and 5. It could be obtained from
cellulose or starch, by a multistep reaction including depolymerization of the polysaccharide into
glucose units, hydrogenation to sorbitol, and two-step dehydration [55]. 1,3-propanediol, is obtained
directly from the fermentation of corn sugar. Not only it is used in cosmetic, food, pharmaceutical
and textile applications, but also as a precursor in the synthesis of polymers such as polyurethanes,
polyether and polyesters or heterocyclic compounds [56—58]. Both compounds are expected to be
able to disrupt the crystalline structure of starch granules and reduce the inter- and intramolecular

starch-starch interactions leading to the reduction of Ty,

-11-
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HO___~___OH

Glycerol D-isosorbide 1,3-propanediol

Figure 1.5 — Chemical structures of employed plastisizers.

1.2.2.2. Retrogradation

The final properties of starch-based materials not only depend on the gelatinisation process
and the chosen plasticiser type and content. In fact, plasticised starch is susceptible to refrogradation
during storage, which involves a reorganisation of both amylose and amylopectin macromolecules
regenerating a new crystalline structure [40]. As a consequence of this recrystallization, the
mechanical properties of the starch-based materials change, usually by increasing the Young’s
modulus [42], which is the major drawback of starch-based films [59]. In a similar way to
gelatinisation, the retrogradation degree and its subsequent effects seem to be strongly dependent on
the nature of the plasticiser and the T, [41]. It is therefore important to keep in mind that although
some plasticisers may lead to more flexible materials and even facilitate the gelatinisation process,
the stability of the final properties of starch-based films could be compromised. Therefore, when
looking for an appropriate plasticiser, not only the desired properties must be taken into account,

but also if the plasticiser favours or prevents the retrogradation should be considered.

1.2.2.3. Manufacture techniques

Biopolymer based competitive films prepared using the traditional technologies, i.e. solvent
casting, extrusion, compression, injection and blowing are necessary, choosing the most appropriate
method depending on the final application. The solvent casting technique, which consists on

pouring a suspension into a mould and drying it by evaporating the solvent [60], is the most widely

-]2-
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process used for the development of small sized films in research areas or lab scale productions
[61,62] since it requires inexpensive equipment and limited space [63]. However, from an industrial
point of view other techniques, such as extrusion or thermomoulding are more feasible [60,61] due
to its low cost, avoided drying times and scale-up and continuous production [60,62]. In addition,
the extrusion process stands out against solvent casting technique due to its excellent mixing
capacity and operational flexibility [64]. However, it should be considered that the final properties of
extruded materials would be influenced by the operation conditions (temperature profile or screw

speed) [63].

1.2.3. Nanocomposites

Nanocomposites have already been identified as useful materials since the addition of
nanofillers such as polysaccharide nanocrystals, nanoparticles or nanoclays to the biopolymeric
matrix resulted in the significant improvement of the mechanical, thermal and batrier properties. In
a similar way, in our case, the incorporation of different nanofillers into the starch-based matrixes
could lead to the enhancement of several relevant properties of both film and hydrogel. However,
the effectiveness of the reinforcement would depend on the formation of an active
nanofiller/matrix interphase as a result of the good affinity between them and the correct dispersion

of the nanoreinforcement.

1.2.3.1. Polysaccharide nanocrystals

Disordered amorphous domains of several polysaccharides as cellulose, starch or chitin can be
removed, normally by acid hydrolysis under controlled conditions, leaving the crystalline regions
intact [65—67]. Thus, the crystalline regions are then extracted and isolated in the form of nanosized
and highly crystalline particles [67]. The characteristics of the nanocrystals, such as the crystallinity
degree, dimensions or even geometry are affected by the reaction conditions, as well as by the type

of the polysaccharide [66].

-13-
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Thereby, nanocrystals extracted from different sources have a variety of geometrical structures
and crystallinity degrees [68], and thus, they are supposed to have their own properties and
applicability as reinforcing agent. Indeed, cellulose nanocrystals (CNC) or chitin nanocrystals
(ChCN) presented a rod-like or fibrillar morphology [65,67,69,70], a high aspect ratio and a
crystallinity degree up to 88% and 93% for CNC and ChCN, respectively [67,70], so they would be
preferred for the improvement of the mechanical properties. In contrast, waxy maize starch
nanocrystals (WSNC) isolated from the so-called waxy corn, are platelet-like [36,67,68] with a
crystallinity degree close to 50% [67] and, therefore, their effect is expected to be more noticeable

on barrier properties [67,71].

Large amount of work has been published mainly with CNC and, in a less extent, with chitin
or starch nanocrystals in combination with different biopolymers [14,36,68,72,73]. However, little
work has been reported using different polysaccharide nanocrystals simultaneously [68]. In this work
polysaccharide nanocrystals, i.e. WSNC and CNC, were chosen as nanofillers for the development
of both PLS and TPS nanocomposite films and CNC nanocrystals for the synthesis of Diels-Alder

(DA) nanocomposite hydrogels.

1.2.3.2. Carbonaceous nanoparticles

Along with the mentioned nanocrystals, the incorporation of carbon-based nanoparticles, such
as carbon black, carbon nanotubes and graphene (G) and its derivatives, has been widely used in
order to improve the mechanical, electrical and magnetic properties of polymers [74]. Specially G
and its derivatives are gaining attention and thus, they have been used in combination with different
biopolymers to develop films, foams or hydrogels obtaining conductive materials with improved

mechanical properties [75-79].

G is the allotropic form of carbon where a single layer of sp® bonded carbon atoms are packed

in a two dimensional honeycomb lattice [80-82] and it can be obtained by chemical vapour

-14-
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deposition of hydrocarbons, micromechanical cleavage or exfoliation of graphite, among other
techniques [83,84]. G presents unique optical, mechanical and electrical properties as well as large
specific surface area [85-87]. In addition, G is pointing out as a promising material to be use in
biomedical applications due to its antimicrobial character [88]. Indeed, Hegab et al. [89] reported
that the antimicrobial capacity of G containing materials was caused by the chemical and physical
interactions between G nanoflakes and the bacteria cell membranes. The antimicrobial mechanism
seems to be caused by the charge transfer and bacterial migration, as well as by the extraction of

phospholipids from the membranes due to the insertion of G into the cells [88].

Unfortunately, G presents poor dispersibility in polar solvents and water [80,85,90] what could
be a serious drawback for its applicability in biomedicine. Therefore, the oxidized form of G, i.e. the

graphene oxide (GO) [91], is commonly preferred as nanofiller in numerous cases.

Indeed, in the last years GO and reduced graphene oxide (rGO) have gained attention as
nanofillers to improve the mechanical and electrical properties of several materials [86,92,93]. GO, is
obtained from graphite by strong chemical treatments in presence of mineral acids or oxidizing
agents [93,94]. Three are the main methods used for the oxidation of G: 1) the Brodie’s methods, 2)
the Staudenmaier’s method and 3) the Hummers’” method and its derivatives [93,95,96]. In this work
the Hummers’ method with slight differences was employed [97], which involves the use of

potassium permanganate and sulfuric acid.

The obtained GO nanoflakes present the G skeleton while it contains oxygen containing
functional groups (i.e. hydroxyl, epoxide, carbonyl and/or carboxyl groups) in the basal plane and
the flake edges [91,98]. These functionalities make GO more hydrophilic [98], facilitating its
dispersion in polar solvents and water, as well as the formation of strong filler/matrix hydrogen
bonding interactions [90,91] and thus, leading to a better dispersion of the nanofiller [80]. In the case

of starch-based materials reinforced with GO, strong hydrogen bonding could be expected between

-15-
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the hydroxyl groups of starch and the mentioned functional groups of GO [86,90]. However, GO
presents the disadvantage of being electrically non-conductor due to both the chemical reactive

groups and the presence of defects on its structure [99].

When GO is chemically reduced, the carbon arranged in the hexagonal lattice is almost
removed and the sp® hybridized structure partially restored, thus the resulting tGO presents
electrical conductivity [86,100,101]. The properties of rGO, such as the electrical conductivity, are
influenced by both the degree of reduction and the capacity to restore the hybridized structure [99].
In fact, the GO is not usually completely reduced, and, consequently, the residual functional oxygen
groups that remains in the surface of rGO allow the formation of polymer/rGO interactions [80].
Figure 1.6 shows the structure of graphite and the preparation of G, GO and rGO. The reduction
reaction could be carried out using hydrazine, sodium hydrosulphite, sodium borohydrate, glucose
or hydroquinone as reducing agents, among others [87,99,102]. In the last years, vitamin C (ascorbic

acid) has been proposed as eco-friendly effective reducing agent for the GO [102].
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Figure 1.6 — Model of G, GO and tGO from graphite.
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However, in addition to the oxidation and subsequent reduction of G as strategy for its
incorporation in aqueous systems, other approaches have been also proposed in the literature using
different types of surfactants. Among them, those containing phenolic moieties have been reported
to be highly “graphene-philic” due to the formation of m-m interactions with G and, hence,
increasing the stability of the dispersion [103]. In this context, natural plant extracts could be used as
dispersion stabilisers looking for the required water dispersibility as they content high concentration
of polyphenolic compounds. Indeed, it was demonstrated that Salvia officinalis L. can act as surfactant
due to the presence of specific groups on its chemical structure [104]. In addition, Salvia, as well as
other medicinal plants, show antimicrobial or anti-inflammatory activity [105], relevant properties in

biomedical applications.

1.2.4. Hydrogels

Hydrogels are three-dimensional (3D) hydrophilic polymeric networks which are able to swell
and retain large amount of water or biological fluids, maintaining their specific 3D structure in
aqueous media [9,106,107]. Among them, the so-called “smart hydrogels” display an extra benefit to
the material showing, for example, stimuli response to external factors such as temperature, pH,
and/or electric field [108]. For example, hydrogels designed for drug delivery applications ate able to
release the drug under certain external stimuli in a selected site and in a controlled and non-invasive

way [109].

Hydrogels could be classified as physical and chemical hydrogels, depending on the nature of
the cross-linking points between polymeric chains. Physical hydrogels form their 3D network
through non-covalent interactions between chains [8], i.e. Van der Walls forces [110]. On the
contrary, chemical hydrogels are commonly obtained by covalent bonding, normally through the

reaction of the polymer with a low molar mass cross-linker [8,107].

-17-
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1.2.4.1. ‘Click’ Diels-Alder cross-linking reaction

The ‘click’ chemistry is revealed as an appropriate strategy for the formation of hydrogels that
are designed based on the environmental awareness and biocompatibility and biodegradability
requirements. Among them, the DA reaction is receiving increased attention due to its high
selectivity, versatility and yielding [111]. The DA reaction was first described in 1928 by Otto Diels
and Kurt Alder. In appreciation of their research work, in 1950, they were awarded by the novel
prize in chemistry [112]. Since then, it has become one of the most useful tools for the synthesis in

the organic chemistry field [112].

The DA reaction is defined as the thermoreversible cycloaddition between a diene and a
dienophile [109,113], which proceed in mild temperatures, aqueous environment, free of catalysts or
initiators and without undesirable side reactions [113,114]. The DA ‘click’ coupling reaction is often
carried out using furans as dienes and maleimides as dienophiles (Figure 1.7). Therefore, ‘click’

hydrogels require the polymer to be properly functionalised with specific chemical groups [8].

/O
(@]
-0 - - = -
N
S A
Furan Maleimide DA adduct
(Diene) (Dienophile)
Figure 1.7 — Scheme of DA reaction between furan and maleimide groups.
In this sense, the use of biopolymers is gaining attention due to their biodegradability,

biocompatibility, hydrophilicity, and because they show interesting functional groups ready for

modification and/or cross-linking [8,30,110].
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Starch possesses both primary and secondary hydroxyl groups suitable for modification in
order to add specific functionalities [8]. Hesse et al. [115] and Liebert et al. [110] reported the
modification of different polysaccharides based on furan-2-carboxylic acid esters, among which
stands out the reaction with starch. However, although furan modification of starch was performed,
tew works have been reported focusing on the DA reaction from the furan-functionalised starch
[117] and, as far as our knowledge, none referring to hydrogels. Native starch shows poor water
solubility due to the above explained specific 3D crystalline organisation but, its hydrophilic
character results in the ability to retain large amount of water upon heating [118]. Thus, with specific
physicochemical and biological behaviours, starch seems to be an excellent candidate for the

formation of hydrogels with applications in different areas such as biomedicine [9].

1.2.4.2. Diels-Alder hydrogels for biomedical applications

The use of hydrogels covers a wide range of applications including agriculture, water
purification, biotechnology, food additives, electrical conductive hydrogels and biosensors, cosmetic
or biomedicine [30,107,110]. Nevertheless, nowadays, the biomedical uses of hydrogels (biological
scaffolds, bone regeneration, diagnostic or drug and gene delivery) are gaining increasing attention

[110,119-121].

It is well known that biomedicine requires biomaterials with enhanced biocompatibility,
antimicrobial properties and non-toxicity [122]. Besides, they should also present high biological
stability and good resistance to chemical substances in the body, as well as improved mechanical
properties [119]. In addition, the cost is also an important issue that must be taken into

consideration for future regulation of the applications [9].

The synthesis of covalent bonded hydrogels is commonly performed by conventional
chemical reactions leading to tailor-made hydrogels. However, the compatibility of the resulting

materials could be compromised due to the use of toxic reagents [109]. Besides, the employment of
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some of these reactions involves the use of strong reaction conditions, the appearance of side
reactions and low coupling efficiency [8,107,123]. These inconveniences restrict the application areas
of the developed materials [8]. In this sense, the ‘click’ chemistry, and specially the DA reaction, is
an interesting strategy for the development of hydrogels for biomedical applications [112,122] since
the reaction could be performed in aqueous media, without catalysts and under mild reaction
conditions [109,119]. Besides, the resulting hydrogels present a stable network structure [119] and

mechanical and rheological properties similar of those of human tissues [120,122,124].

In the last years, several biopolymers have been investigated for the formation of hydrogels,
such as proteins (collagen, gelatine) or polysaccharides (alginate, agarose, chitosan) [110] also using
‘click’ chemistry reactions. Yu et al. [125], reported the preparation of hydrogels based on gelatine
suitable for cartilage tissue engineering by DA reaction. On the other hand, Guaresti et al. [126,127]
proposed different strategies to obtain hydrogels from chitosan by using the DA reaction with

promising results for applications on drug delivery systems.

In this work we focused specifically on the design of starch-based hydrogels that may be used
in biomedical applications such as delivery system for a sustained release of drug or as conductive
coating of some devices for neurologic diseases, as example. On one hand, the drug delivery systems
should present the capacity to deliver and release an active drug with minimum side-effects, optimal
response and prolonged efficacy [30]. The drug is intended to act directly in the damaged area
without affecting other tissues and organs [30]. The drug loaded in the hydrogel and the subsequent
release and efficiency is going to be strongly influenced by the polymeric material, the final

microstructure and porosity, the cross-linking density and the affinity with the swollen media

[30,112].

On the other hand, regarding the neurologic applications, the electrodes that traditionally have

been used were prepared using platinum, gold or platinum/iridium [6]. However nowadays, new
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smaller devices with improved mechanical, electrical and biological properties are required.
Moreover, due to the necessity to overcome some limitations of the mentioned traditional metallic
electrodes (low charge injection, mechanical mismatch or foreign body response) employed for
neuronal interfaces [6], several coating materials are being investigated such as conductive polymers
or hydrogels, bioactive coatings and tissue engineered neural interfaces. Among these strategies,
conductive hydrogels, obtained by the incorporation of conductive carbonaceous particles such as
carbon nanotubes or G [85], present the ability to conduct electricity under certain conditions while
maintaining their dimensional stability, and find applicability in relevant research fields such as

biomedicine, bioengineering and controlled drug delivery [108].

1.3. GENERAL OBJECTIVES

The main objective of this thesis was the development and characterisation of competitive
starch-based materials. On one hand, starch-based films and nanocomposite films were developed
as alternative for current packaging materials. Besides, starch cross-linked hydrogel nanocomposites
were designed by incorporating polysaccharide nanocrystals and graphene, with the purpose to be
useful as controlled drug delivery systems or in the neurological field. To achieve the mentioned
objective, it was necessary to overcome the drawbacks of starch (high hydrophilicity, poor
mechanical behaviour and retrogradation). For that purpose, we focused in the use of plasticisers
and development of nanocomposites, as well as the chemical modification and cross-linking. Thus,

the specific objectives of this research were:

- Preparation of PLS and TPS films using glycerol, D-isosorbide and 1,3-propanediol as
plasticisers. The influence of the plasticiser on the final properties of the material was

evaluated. In addition, we sought to study the effect of retrogradation on PLS materials.

- Design of PLS nanocomposites reinforced with the combination of polysaccharide

nanocrystals. Firstly, the influence of adding different WSNC contents into the PLS matrix
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was investigated. Then, the effect of adding together nanocrystals of similar chemical

nature but different geometry, i.e. WSNC and CNC was studied.

Corroborate the feasibility of preparing TPS films and nanocomposite films by
extrusion/compression. The extrusion/compression processing was proposed instead of
solvent casting method in order to obtain TPS films with a large-scale production and

improved properties.

Preparation of PLS nanocomposites reinforced with carbonaceous nanoparticles. On one
hand, the influence of adding different G and GO contents into the matrix plasticised
with glycerol was analysed. Besides, the effect of reducing the GO by reaction with

ascorbic acid was studied.

Synthesis of DA hydrogel nanocomposites between furan-modified starch (S-FI) and a
tetrafunctional maleimide (TTMI) reinforced with CNC. Ditferent CNC contents were
added in order to study their influence on the rheological behaviour, swelling capacity and
morphology. In addition, the drug release profile and cell viability of the final

nanocomposite hydrogels was also evaluated.

Synthesis of DA hydrogel nanocomposites between S-FI and a bismaleimide (BMI)
reinforced with G using Salvia extracts as dispersion stabilisers. The effect of using
different furan to maleimide weight ratios on the behaviour of hydrogels was analysed. In

addition, conductive and antimicrobial properties of the hydrogels were evaluated.
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2. MATERIALS AND CHARACTERISATION TECHNIQUES

In this chapter the materials used in the development of all starch-based materials are
described. In addition, the techniques, procedures and conditions employed for the
physicochemical, thermal, morphological and rheological characterisation of films and hydrogels
were also detailed. Moreover, the procedures employed for swelling and drug delivery studies, as

well as protocol employed for the in vitro cell viability evaluation are also presented.

2.1. CHEMICALS AND REACTANTS

Normal maize starch containing 73% amylopectin and 27% amylose (from Sigma-Aldrich)
was employed to obtain both PLS and TPS films as well as hydrogels. Glycerol (provided by
Panreac, 99%), D-isosorbide (from Sigma-Aldrich), and 1,3-propanediol (from Quimidroga S.A.)

were employed as plasticisers.

Waxy maize starch (~99% amylopectin) and microcyrstalline cellulose (both provided by
Sigma-Aldrich) were used to obtain starch and cellulose nanocrystals, subsequently. For the
hydrolysis, sulfuric acid (from Panreac, 96%) was employed. Graphite flakes provided by Sigma-
Aldrich were used to obtain graphene (G) and graphene oxide (GO). Besides, for the obtainment of
G and GO and the reduction of GO the following reactants were also employed: N-methyl
pyrrolidone (from Sigma-Aldrich, NMP, 97%), sodium nitrate, sulfuric acid (96%), potassium
permanganate, hydrogen peroxide (30% purity), hydrochloric acid (37%) and ascorbic acid provided
by Panreac. For obtaining the plant extracts used as emulsifier of G, Sa/via officinalis 1. was employed

as dry material purchased in an herbalist.

For the chemical modification and cross-linking of starch, furfuryl isocyanate (97%),

Jeffamine® ED 900 (O,0'-bis (2-aminopropyl) polypropylene glycol-b-polyethylene glycol-b-
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polypropylene glycol, number-average molar mass = 900 g mol'), sodium acetate trihydrate
(299.0%) and 4arm-PEG10K-Maleimide (number-average molar mass = 10000 g mol") were
purchased from Sigma-Aldrich. Dimethyl sulfoxide (DMSO, for analysis), maleic anhydride,
trimethylamine (99.5%), acetic anhydride (98%) and acetone (for analysis) were provided by Panreac.

Chloroform (99.8%) was purchased from Lab Scan Analytical Sciences.

All reagents and solvents were employed as received. Distilled water was used in all cases as

solvent.

For the characterisation techniques, deuterium oxide (D>O) for NMR (deuteration degree min.
99.96%) was purchased from Sigma-Aldrich. Ethylene glycol provided by Panreac was used for
contact angle measurements. The phosphate buffered saline (PBS) tablets employed for the swelling
measurements were purchased from Panreac. For short-term cytotoxicity assays the following
reactants were additionally used: 1.929 mouse fibroblast cells (clon 929 of the NCTC:CCL from
American Type Culture Collection, ATCC), minimum essential medium containing Farle salts and
L-glutamine 2mM, non-essential aminoacids and sodic pyruvate (from Gibco®), penicillin and
streptomycin (provided by Lonza), fetal bovine serum (supplied by Biochor) and DMSO from

Sigma-Aldrich.

2.2. CHARACTERISATION METHODS

2.2.1. Physicochemical characterisation
2.2.1.1. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) measurements were performed in a Nicolet

Nexus spectrophotometer. Measurements were recorded in the range from 4000 cm ! to 650 cm™!

1

in attenuated reflection mode, with a 4 cm™ resolution and 32 scans. The spectra were recorded
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with a Specac MKII Golden Gate accessory equipped with a diamond crystal at a nominal incident

angle of 45 degrees and ZnSe lens.

2.2.1.2. Nuclear magnetic resonance

Proton nuclear magnetic resonance ('H NMR) measurements were performed with an Avance
Bruker equipment equipped with BBO z—gradient probe. Experimental conditions were as follows:
frequency of 500 MHz, number of scans 64, spectral window of 5000 Hz and recovery delay of 1 s.
D,O was used as solvent. Moreover, 'H NMR results were also employed to calculate the degree of
substitution (DS) of functionalised starch. DS could be defined as the average number of substituted
units per glucose monomer [1]. The DS was determined by the integration of the a-anomeric

hydrogen signal of the glucose unit.

2.2.1.3. X-ray diffraction

Starch films, obtained by both solvent casting and extrusion/compression techniques, were
analysed by X-ray diffraction (XRD) in order to assess the effectiveness of the gelatinization
protocols to destroy the native crystalline domains of starch granules and obtain amorphous

plasticised materials. All measurements were performed using a Philips Xpert Pro diffractometer

operating at 40 kV and 40 mA, in 0 - 0 configuration secondary monochromator with Cu-Ko
radiation (A = 1.5418 A) and a PIXcel solid state detector (active length in 20 = 3.347°). Scattered

radiation was detected in the angular range 1 - 40° (20).

In addition, the crystallinity of both nanoentities, ie. polysaccharide nanocrystals and
carbonaceous nanoparticles was also analysed by XRD. In the case of polysaccharide nanocrystals,
the XRD diffractograms were used to determine the crystallinity percentage of WSNC and CNC.
For WSNC an appropriate method is not so widely established, for this reason the crystallinity

degree was determined by the ratio of the crystalline area to the total area [2,3]:
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Area under the peak
- P 100 (Eq. 2.1)

WSNC, Crystallinity percentage (%) = Towl
otal area

Crystallinity for CNC was calculated according to the method described in literature [4,5]:

I am
CNC, Crystallinity percentage (%) = 0021— X 100 (Eq. 2.2)

002
where Iopo; is the peak intensity of the (002) crystallographic plane [4], i.e. the intensity peak
around 20 = 22.5° [6] and L, is the intensity scattered by the amorphous part of the sample

measured around 20 = 18.0° [4].

2.2.1.4. Ultraviolet-visible spectroscopy

Ultraviolet-visible spectroscopy (UV-vis spectroscopy) was used to follow the DA reactions
between the furan-modified starch and the corresponding two different cross-linkers. The kinetics
of the reaction was analysed using a Shimadzu UV-3600/3100 instrument equipped with a
thermoelectric cell holder, operating at 65 “C in a range of 200 to 400 nm and recording a spectra

every 30 min during 24 h.

2.2.1.5. Raman spectroscopy

Raman spectroscopy of G and GO were obtained with a Renishaw InVia microscope (50X)
with a laser of 514 nm wavelength (Modu Laser) at 10% potency. Data were collected in the range

of 150 - 3500 cm™. Exposure time and accumulations were set at 20 s and 5, respectively.
2.2.2. Optical properties

2.2.2.1. Ultraviolet-visible spectroscopy

The optical transmittance of films plasticised with glycerol, D-isosorbide and 1,3-propanediol
was measured by UV-vis spectroscopy using a Shimadzu UV-3600/3100 instrument, operating at

room temperature in a range of 400 to 700 nm.
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2.2.2.2. Colourimetry

The colour of carbonaceous nanoparticles containing films was analysed using a X-rite 962
spectrophotometer. The colour of the films was evaluated according to the Hunter's parameters
according to the CIELAB scale (L', a’, b") and repeating five measurements for each sample.
Standard plate (" = 92.82; 2" = -1.24; and b" = 0.46) was used as a standard. The colour parameters
vary from L = 0 (black) to L. = 100 (white), from —a (greenness) to +a (redness) and from —b

(blueness) to +b (yellowness). The colour difference parameter, AE, was determined as indicated in

Equation 2.3:
AF: = \[ (AL + A2+ Ab) (Eq. 2.3
AL* = L*standard - L*sample (Eq 24)
Aa* = 2l>kstandard - a'*sample (Eq 25)
Ab* = b*standard - b*sample (Eq 26)

2.2.3. Thermal and thermomechanical characterisation
2.2.3.1. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA-SDTA 851
instrument. The measurements were conducted from 25 to 800 °C, with a heating rate of 10 *C min
under nitrogen atmosphere. On the other hand, the thermal stability of nanocomposite films
reinforced with G and GO was evaluated with a TGA/DSC3+ Mettler Toledo equipment following

the same assay conditions.
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2.2.3.2. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed in a Mettler Toledo DSC3+
equipment. Samples with a weight between 5 - 10 mg were sealed in medium pressure pans and were
heated from -75 “C to 250 “C at 20 ‘C min' heating rate under nitrogen atmosphere. The
temperature and enthalpy of gelatinisation were calculated as the maximum and the area under the

thermogram, respectively.

2.2.3.3. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) of all films was carried out using an Eplexor 100N

instrument from Gabo Qualimeter registering the storage modulus (E’), the loss modulus (E”) and
the tan 6 = E”/E’ while heating. Measurements were petformed at 1 Hz and with a heating rate of 2

°C min"', working from -100 °C to 0 °C. A constant strain of 0.05% was used in Chapters 3 and 5,
whereas a constant strain of 0.5% in Chapter 6. The samples were cut as rectangular strips (25 x 3 x

0.2 mm”).

2.2.4. Surface properties
2.2.4.1. Dynamic contact angle
Dynamic contact angle measurements were carried out using the Dataphysics OCA equipment
with needle-in-drop configuration. The advancing contact angle was measured increasing the drop
volume from 3.0 pL to 6.0 pL after each volume increment (0.5 pL at 0.1 pL s™). The receding
contact angle was determined reducing the drop volume down to 3.0 pL. Due to the high

hydrophilicity of the films, the measurements could not be carried out using water, and thus,

ethylene glycol was used in all cases.
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2.2.4.2. Static contact angle

Static contact angle measurements of films reinforced with carbonaceous nanoparticles was
performed using a Surface Electro Optics (SEO) Contact Angle Analyzer with a needle-in-drop
technique. The contact angle measurements were carried out with a drop volume of 3.0 pL and

using ethylene glycol as solvent.

2.2.5. Mechanical characterisation
2.2.5.1. Tensile tests

Tensile tests of starch-based films obtained by solvent casting were performed using a
Universal Testing Machine (MTS Insight 10) using a load cell of 250 N at room temperature.
Samples were cut into dumbbell shaped specimens with a testing section of 5 mm wide and 15 mm

long. Tests were performed at a crosshead rate of 5 mm min™.

The tensile tests of extruded films as well as nanocomposites reinforced with G and GO were
carried out using a Instron 5967 equipment and a load cell of 50 N. Samples dimensions and testing

rates were the same that above described.

2.2.6. Batrrier properties
2.2.6.1. Water vapour transmission rate

Water vapour transmission rate (WVTR) determination was performed at 25 "C on a
gravimetric cell in which a small amount of liquid water was sealed by the sample. The cell was put
on a weighting scale with a readability of 10° g and the weight loss of the cell, solely due to the

permeation of the water vapour through the film, was registered by means of a computer connected

to the scale. The WVTR can be defined by:
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m -1

WVIR = ———
A(aint - aext)

(Eq. 2.7)

where 7 is the weight loss of the cell; /is the film thickness; A is the exposed area of film (2.54
cm?); and a... is the penetrant activity outside the cell (assumed to be equal to the relative humidity in
case of water). In all cases values of 0.3 of relative humidity (one percent) in the outside of the cell

was considered.

The water vapour permeability (WVP) values were calculated according to the following

Equation 2.8:

_ WVIR (Eq. 2.8)
AP

where AP is the vapour pressure difference.

2.2.6.2. Oxygen transmission rate

Oxygen transmission rate (OTR) measurements of all films were carried out using a MOCON
OXTRAN Model 2/21 gas permeability tester in accordance with the ASTM standard D3985. The
OTR of the samples was tested at 760 mmHg, relative humidity (RH) of 50% and 23 °C. The
oxygen permeability was defined by:

_ OTR (Eq. 2.9)
AP

where AP is the vapour pressure difference.

2.2.7. Morphological characterisation
2.2.7.1. Atomic force microscopy

Atomic force microscopy (AFM) measurements of polysaccharide nanocrystals and PLS
nanocomposite films were performed in tapping mode using a Veeco Multimode scanning probe

microscope equipped with a Nanoscope IIla Controller. All measurements were recorded using
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TESP type silicon tips having a resonance frequency of approximately 340 kHz and a cantilever
spring constant about 40 N m™. The nanocrystals were prepared by spin coating of an ultrasonicated

dispersion (0.001 mg NC ml" distilled water).

AFM images of the cryofractured surfaces of the films were performed in tapping mode using
a Bruker Dimension ICON scanning probe microscope equipped with a Nanoscope V Controller.
The morphology of the samples was examined using TESP-V2 type silicon tips having a resonance

frequency of approximately 320 kHz and a cantilever spring constant about 42 N m™.

2.2.7.2. Transmission optical microscopy

The gelatinisation process was followed using transmission optical microscopy (TOM) and
analysing the change of the crystalline structure and the evolution of the birefringence. The analyses
were carried out with a Nicon Eclipse E600 instrument in reflectance under polarised light and with

a magnification of X500.

2.2.7.3. Scanning electron microscopy

Scanning electron microscopy (SEM) images of hydrogels were recorded in order to analyse
de porous microstructure of hydrogels. Samples were freeze-dried after swollen in distilled water and
gold coated prior to the measurements. VEGA3 LM, TESCAN equipment with an operation
voltage of 5 kV was used for the bismaleimide containing neat hydrogels, while JEOL JSM—6400
microscope with an operating at an accelerated voltage of 20 kV was employed for the

nanocomposite hydrogels.

2.2.7.4. Transmission electron microscopy

Transmission electron microscopy (TEM) was used to analyse the morphology of G and GO.
Images were recorded on a FEI Titan Cubed G2 60-300 microscope, equipped with a Schottky X-

FEG field emission electron gun, monochromator and CEOS GmbH spherical aberration (Cs)
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corrector on the image side. The microscope was operated at 80 kV to minimize the knock-on
damage to the graphene. The third-order spherical aberration (Cs) was tuned to -10 pm. Images
were obtained for an underfocus of -8 nm and were recorded on a CCD camera (2kx2k, Gatan

UltraScan 1000), using exposition times of 1s per image.

Samples were prepared by ultrasonication in distilled water using a concentration of 0.005 mg
ml" for 1 h (with on/off periods of 4 s and 2 s). Then, a drop of the sonicated suspension was
placed in a TEM copper grid (300 Mesh) covered by a holey carbon film followed by drying under

vacuum.

2.2.8. Rheological measurements

The rheological study of the hydrogels was performed (the measurements were repeated three
times, n = 3) using a Scientific Advanced Rheometric Expansion System (ARES) using plate-plate
geometry (25 mm diameter). Frequency sweep measurements were performed at 37 “C from 0.1 to
500 rad s” at a fixed strain, in the linear viscoelastic region, previously assessed by stress sweep
experiments. Measurements were performed at the human body temperature (37 °C) to analyse the

applicability of hydrogels in biomedical fields.

2.2.9. Swelling capacity

The swelling capacity of hydrogels (n = 3) was determined by gravimetric method. Freeze-
dried hydrogels were incubated at 37 “C until equilibrium using simulated intestinal fluid, PBS at pH
= 7.4. At selected time intervals, the swollen hydrogels were taken out and the excess of water was
removed with a filter paper and the sample weighed. The swelling ratio (SR) was determined by

Equation 2.10:

Ws — W,
SR (0/0) = T

t

X 100 (Eq. 2.10)
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where W is the weight of the swollen sample and W, is the weight of the final dried sample.
The equilibrium swelling was considered to be achieved when the weight of the hydrogels no longer

increased.

2.2.10. Hydrolytic degradation

The degradation of hydrogels was also measured gravimetrically incubating the samples in

PBS for one week and calculated from equation 2.11:

\4
Degradation (%) = Wt x 100 (Eq. 2.11)
d

where I, is the weight of the final dried sample and W, is the initial weight of the freeze-dried

sample.

2.2.11. Specific characterisation
2.2.11.1. Drug delivery

For drug delivery measurements chloramphenicol (CIPh) was selected as the model drug for in
vitro release studies in a simulated intestinal medium (PBS). Freeze-dried hydrogels were loaded with
a drug solution (0.5 mg CIPh mL" distilled water) at 25 °C for 3 h (stated based on the equilibrium
swelling times from the swelling studies). After the immersion time, samples were dried at room
temperature until constant weight. For the release studies, the dried loaded hydrogel samples were
introduced in a metallic perforated bag and stirred in 80 mL of PBS solution (pH=7.4) at 37 “C. At
selected time intervals, an aliquot of 1 mL of the solution was taken and analysed by UV-—vis
spectroscopy. After that, the aliquot was returned to the beaker. The amount of released CIPh was
determined by comparing the absorbance signal at 275 nm (maximum absorbance wavelength of

CIPh) with a standard calibration curve.
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The cumulative drug release (CR) at each time interval was calculated using Equation 2.12.

m
CR (%) = j X 100 (Eq. 2.12)
0

where 7 is the cumulative mass of CIPh released at time t and »% is the total amount of CIPh

loaded.

Stirring motor

After the analysis the aliquout
Aliquot for is returned to the beaker

UV analysis

Freeze-dried
hydrogel
in PBS media

UV-3600

Figure 2.1 — Scheme of drug delivery measurements.

2.2.11.2. Antibacterial tests

Antimicrobial activity of G containing nanocomposite hydrogels against Escherichia coli CECT
405 (E. coli, gram positive) and Staphylococcus anrens CECT 239 (S. aurens, gram negative) bacteria was
analysed following the disc-plate antibiogram test. The hydrogel was placed in the inoculated agar of

a petri dish containing the microorganism to be tested. The samples were then incubated at 37 °C

for 24 and 48 h.

2.2.11.3. Short-term cytotoxicity assays

The n vitro cell viability and proliferation in CNC containing hydrogels was analysed by short-
term cytotoxicity assays. Measurements were carried out using 1.929 mouse fibroblasts cells and
following ISO 10993 standard. Briefly, sterilised samples were incubated separately in complete cell

culture medium (Dulbeccois modified Eagleis medium) and 10% fecal calf serum and supplemented
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with antibiotics (100 U mL" penicillin and 100 g mL." of streptomycin) at 37 “C for 24 h to obtain
the extracted culture medium. In addition, 1.929 mouse fibroblast were seeded and allowed to grow
in 96-well microplates at a density of 4 x 10° cells/well in the presence of standard culture medium
for 2 h before the experiments. In the cytotoxicity test, cultures were treated for 24 and 48 h with
the extracted media. As controls, standard culture media (negative control) and 10% DMSO

(positive control) were used.

The metabolic activity of viable cells was determined using the colourimetric MTT assay, in
which 3—(4,5—dimethyltriazol-2—yl)—2,5 diphenyltetra—sodium bromide is reduced to formazan in
the mitochondria of living cells. The cell number per well was proportional to the amount of
formazan crystals and was determined by measuring the absorbance at 540 nm using a microplate

reader. Viability (%) was calculated as follows:

L e . [A] test
Viability (%) = T X 100 (Eq. 2.13)

[ ]control
where [A/. 1s the absorbance of the sample cells and /A /wumw is the absorbance of the negative
control cells. All assays were conducted in triplicate and mean values and their standard deviations

were calculated.

2.2.12. Electrical conductivity

The electrical response of G and GO containing film and hydrogel nanocomposites were
analysed by a Keithley 4200-SCS equipment for semiconductor analysis using a two points
measurements technique. The measurements were performed working at 0 - 5 V linear scans, with

0.01 V step and a compliance of 0.1. In the case of hydrogels wet samples were studied.
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3. MAIZE STARCH-BASED FILMS

3.1. OBJECTIVE

The aim of this chapter was to study the suitability of glycerol, D-isosorbide and 1,3-
propanediol to be used as plasticisers for starch-based films. As it is well known, glycerol has been
commonly used as plasticiser in a wide range of materials. Thus, it was hypothesised that in our case,
the use of glycerol would also reduce the brittleness and would improve the mechanical behaviour
of the material. In addition, the use of other plasticisers from renewable sources, such as D-

isosorbide and 1,3-propanediol, was proposed as novel “green” alternatives.

The production of starch-based flexible films is often performed by solvent casting technique
at the laboratory scale. However, from an industrial and commercial point of view the
thermomechanical processing gives the opportunity to obtain a scale-up production. Thus, the
viability and effect of preparing plasticised starch flexible films by both solvent casting (PLS) and
extrusion/compression (TPS) methods was evaluated. In addition, due to the tendency of ageing of
plasticised starch materials because of retrogradation, the evolution of the properties of the films

was also analysed.

All the resulting films were characterised in terms of optical properties, thermal stability,
surface, mechanical and barrier properties, and morphology. The retrogradation phenomenon was

also studied in the case of films prepared by solvent casting.

3.2. OBTAINMENT OF MAIZE STARCH-BASED FILMS
3.2.1. Preparation of plasticised starch films by solvent casting (PLS)

PLS films were prepared by solvent casting following the method described by Angellier et al.,

[1] with slight modifications. 3.58 g of normal maize starch were mixed with 35 mL of distilled H,O
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and 1.93 g of the selected plasticiser (glycerol, D-isosorbide or 1,3-propanediol) and the mixture was
heated to 90 °C and maintained with continuous magnetic stirring until the viscosity increased (near
20 min). A plasticiser content of 35 wt.% was employed, relative to the starch plus plasticiser
mixture weight. After that, the viscous gel was homogenised in a dispersing system for 3 min at
15,000 rpm (POLYTRON® PT 2500 E). The homogenised solution was casted into petri dishes and
dried in an oven at 55 °C for 2 h. The manufacturing process for PLS films prepared by solvent

casting is illustrated in Figure 3.1.

GELATINISATION DRYING

Plasticiser

i(;;[ 55°C 2h

PLS film

190 °C_20 min|

Figure 3.1 — Manufacturing process for PLS films prepared by solvent casting.

Samples were named CSg35, CSi35, and CSpd35 when plasticised with glycerol, D-isosorbide,

and 1,3-propanediol, respectively (Table 3.1).

Resulting films were stored at 43% RH for two weeks before the first characterisation fixed by
using K>CO; saturated solution. For retrogradation study, the characterisation was repeated after

four weeks from gelatinisation (named as aged).

3.2.2. Preparation of thermoplastic starch films by extrusion/compression (TPS)

The obtainment of TPS films by extrusion/compression was catried out following a 4-step

methodology: gelatinization, freeze-drying, extrusion and compression. The first step consisted on a
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preliminary gelatinization process in the same way as carried out for the solvent casting procedure,
i.e. heating a mixture of normal maize starch (3.59 g), distilled water (35 ml) and the desired
plasticiser (1.93 g) at 90 “C during 20 min. Then, the gel was homogenised using a POLYTRON®
PT 2500 E system. In the same way as for PLS samples, a plasticiser content of 35 wt.% was used

for all extruded samples, relative to the starch plus plasticiser mixture weight.

After that, the homogenised gel was freeze-dried. Then, the freeze-dried material was extruded
using a HAAKE Minilab extruder at 120 °C and 50 rpm. Finally, the material was compressed using
a Specac’s Atlas Series Manual Hydraulic Press with a temperature controller cell working at 1) 120
°C for 5 min and 2) 120 °C and 2.5 t for 5 min. The films were also stored at RH = 43% for two
weeks  before characterisation. The manufacturing process for TPS obtained by

extrusion/compression process is illustrated in Figure 3.2.

GELATINISATION FREEZE-DRYING EXTRUSION COMPRESSION

Plastisizer E

Maize
starch

p 7 H)0 = Freeze-dried
/ \\ . gelatinised starch
v \ i) 120 °C,
N Tl Extruded ’

, [ % filament 5 min
ii) 120 °C,

__________ 5 min,

251n

120°C 50 rpm

Figure 3.2 — Manufacturing process for TPS films prepared by extrusion/compression.

Extruded TPS films gelatinized with glycerol, D-isosorbide and 1,3-propanediol were named

as BESg35, ESi35, and ESpd35, subsequently (Table 3.1).
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Table 3.1 — Description of obtained PLS and TPS films.

Storage Starch Plast. HO

Sample Technique Plasticiser time (@) @ (ml)
CSg35 Solvent casting glycerol 2 weeks
CSi35 Solvent casting D-isosorbide 2 weeks
CSpd35 Solvent casting 1,3-propanediol 2 weeks
ESg35 Extrusion/comptession glycerol 2 weeks
ESi35 Extrusion/comptession D-isosorbide 2 weeks 3.58 1.93 35.0

ESpd35 Extrusion/compression  1,3-propanediol 2 weeks

CSg35-aged Solvent casting glycerol 4 weeks
CSi35-aged Solvent casting D-isosorbide 4 weeks
CSpd35-aged Solvent casting 1,3-propanediol 4 weeks

3.3. STUDY OF THE GELATINISATION PROCESS

The gelatinisation temperature (T) and gelatinization enthalpy (AH) were analysed by DSC,

whereas the evolution of the birefringence was evaluated by TOM.

3.3.1. Differential scanning calorimetry

The thermal behaviour and gelatinisation phenomenon of starch can be evaluated by DSC [2].
As defined elsewhere the gelatinization is an endothermic first order transition [3,4]. Therefore, the
DSC thermograms give us information about the temperature at which the crystalline domains of
starch granules are irreversibly melt, i.e. the gelatinisation temperature [2]. Besides, the gelatinisation
enthalpy is related with the amount of crystal order and could be determined by the area under the
endothermic peak [2,5,6]. The gelatinisation enthalpy is influenced by the starch source, water

content and amylose/amylopectin ratio, plasticiser as well as the measurements conditions [2,7].

In this sense, the gelatinization process with the three plasticisers was evaluated by conducting

dynamic heating measurements of the initial starch/water/plasticiser [5]. The obtained DSC
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thermograms are shown in Figure 3.3 and the calculated gelatinization temperatures and enthalpies

are gathered in Table 3.2.

As shown in the thermograms the gelatinisation was detected as an endothermic first order
transition, generally accepted to be ascribed to the gelatinisation of the amylopectin, and usually
denoted as G [3,4]. The T¢ and AHg were thus calculated as the maximum and the area under the
curve of the endothermic peak, respectively. As it could be observed, the gelatinisation temperature
was found to be almost the same for all systems. Indeed, all samples presented the T close to 72
°C, detecting only a slight decrease for Spd35. In contrast, remarkable differences were observed
regarding the AHg values. Both Sg35 and Spd35 samples presented a AHg of 1.12 and 1.33 ] g7,
respectively, whereas for Si35 the value was 0.43 J g". These results are in concordance with those
obtained by Yingfeng et al. [6,7] who stated that the use of different plasticisers lead to different
AHg values, while T remains almost constant. They concluded that differences on AHg may be
associated with the molecular weight of each plasticiser and the capacity to penetrate into the starch
structure and the ability to form H-bonds with starch, leading to an increase of AHg for plasticisers
with higher molecular weight. However, in our case the opposite effect was observed since the Si35
sample presented the highest molecular weight and the lowest AHg value. It has to be taken into
account that the gelatinisation consists in a multistep phenomenon involving the fragmentation of
starch granules, the loss of crystallinity and the partial depolymerisation of starch [3]. Thus,
gelatinisation is a complex thermal mechanism that sometimes leads to non-consistent and
controversial results [2]. Therefore, in our case, we considered that the plasticiser plays an important
role in the gelatinisation mechanism. Thus, the similar AHg values detected for glycerol and 1,3-
propanediol systems, being molecules of similar chemical structure, could indicate similar
gelatinization mechanisms and, at the same time, denotes different gelatinisation mechanism for the

D-isosorbide with lower AHg values.
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It should be mentioned that all samples presented a small second endothermic peak close to
86 °C denoted as M1 being in all cases around 0.10 J g the associated enthalpy value. This second
endothermic peak was attributed to the non-equilibrium melting of crystallites [4]. Liu et al. [2]
systematically studied the gelatinization process of maize starch/water systems by DSC and
concluded that the number of endotherms and the enthalpy of gelatinisation depend on the
amylose/amylopectin ratio and the moisture and lipid contents. However, the reported DSC results
are not always consistent and are sometimes controversial, due to the complexity of the thermal
behaviours of starches. Nevertheless, in order to ensure that all the crystalline domains of the native

starch granules were destroyed 90 °C was chosen for the gelatinization in all cases.

Endo[

Heat flow (a. u.)

Spd3s

L

30 40 50 60 70 80 90 100

Temperature (°C)

Figure 3.3 — DSC thermograms of gelatinisation using different plasticisers.

Table 3.2 — Gelatinisation temperatures and enthalpy values of gelatinisation using different plasticisers.

G M1

Sample T (C) AHg (J g7 Twi(C)  AHw ( g7
Sg35 72.5 1.12 86.5 0.10
Si35 72.3 0.43 86.3 0.12

Spd35 70.5 1.33 85.8 0.10
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3.3.2. Transmission optical microscopy

When starch is analysed under polarised light, Maltese crosses are commonly observed due to
the semi-crystalline character of starch granules which is associated with the birefringence [8—10].
Thus, the evolution of the gelatinisation process was followed by means of TOM, recording images
under polarised light at selected time intervals. Collected sequence of images for the Sg35 sample is

presented in Figure 3.4.

As it could be observed, the disruption of starch granules was clearly observable as far as the
Maltese crosses amount decreased until disappearing at the end of the process. Thereby, once the
gelatinisation was completed the crystalline domains of starch granules were undetectable.
Therefore, it could be concluded that the gelatinization occurred successfully following the

proposed processing conditions.

0 min 5 min 10 min 15 min 20 min

Figure 3.4 — Polarised light images of gelatinization of Sg35 at selected time intervals.

3.4. EFFECT OF THE PLASTICISER ON THE PROPERTIES OF PLS FILMS

Once demonstrated that glycerol, D-isosorbide and 1,3-propanediol met the objective and
thus, could be used as plasticisers in starch-based materials, PLS films using the three plasticisers
were prepared and characterised. In this section, the results of PLS films obtained by solvent casting

are discussed.
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3.4.1. X-ray diffraction

The effectiveness of the gelatinization process using glycerol, D-isosorbide and 1,3-
propanediol was deduced from XRD patterns (Figure 3.5). As defined by other authors [11,12] the
crystalline structure of native maize starch, similar to other cereals, is classified as A-type

polymorphism, which exhibits several diffraction reflection peaks located at 20 = 10.1° and 20 =

11.5°, an intense peak centred at 20 = 15.2°, a double peak at 20 = 17.3°/18.1° and a peak at 20 =
23.2°. As mentioned in Chapter 1, during the gelatinization of starch, the existing crystalline
structure is destroyed due to the diffusion of water into the granules and the solubilisation of the
amylose leading to the disruption of the granule. As it could be observed, CSg35, CSi35 and CSpd35
plasticised starch materials showed considerably reduced crystalline area in their diffractograms with
low intensity residual peaks located around 20 = 20.0°, indicating that the three gelatinized materials
were obtained successfully. Slight differences were obtained for each plasticiser in accordance with
previous studies [13]. In our case, the intensity of the residual peak at around 20° was higher for the
CSpd35 sample, which could indicate differences in the final crystalline arrangement and suggesting

that less plasticisation degree was obtained when 1,3-propanediol was used.

Normal maize starch

zZ T
5
= #'/////fﬁ\\\\\\\\\¥\‘§ Csi3s

CSpd35

5 10 15 20 25 30 35 40
Reflection angle 26 (°)
Figure 3.5 — XRD patterns of normal maize starch and PLS films.
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3.4.2. Optical properties

From an industrial and commercial point of view, the measurement of the transmittance
values is essential to evaluate the potentiality of the films as packaging materials. As reported by
Castillo et al. [14], materials with low transmittance values could be interesting as they would
improve the shelf life of packaged products preventing them from the oxidative degradation.
Nevertheless, films with high light transmittance values could be valuable when the packaged
foodstuffs is needed to be sanitized by UV light to reduce their antimicrobial charge [14]. Thus, the
optical properties of the films obtained by solvent casting were evaluated by UV-vis spectroscopy
measuring the transmittance value in the visible spectrum range (400 - 700 nm). Obtained results are

shown in Figure 3.6.

As it could be noticed, the optical properties of the obtained PLS films were strongly
influenced by the type of plasticiser. Films plasticised with glycerol and D-isosorbide presented
higher transmittance and thus, higher transparency compared with those containing 1,3-propanediol.
As it can be observed, when glycerol and D-isosorbide were used similar transmittance values
(18.2% for CSg35 and 16.8% for CSi35 at 600 nm) were obtained in the visible scan range whereas

for CSpd35 the transmittance value decreased to 9.2%.

These relatively low values of transmittance presented by all films could be related to the high
plasticiser content employed for the gelatinisation (35 wt.% in all cases). Notwithstanding, similar
results were obtained by Tomé et al. [15], i.e., transmittance values of 20% for gelatinised starch,
even with lower glycerol content. As explained by Bertuzzi et al. [16], films opacity increases upon
the addition of certain amount of plasticiser. On the other hand, the lower transmittance value
obtained for the sample plasticised with 1,3-propanediol may indicate poorer compatibility between

starch and 1,3-propanediol. Besides, as concluded from the XRD results in Section 3.4.1, different
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crystalline arrangements found for CSpd35 samples could also be related to a less effectiveness

during the gelatinisation process for this plasticiser.
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Figure 3.6 — UV-vis transmittance measurements of PLS films.

3.4.3. Surface properties

Static or dynamic contact angle assays are relevant techniques when referring to the study of
the hydrophobicity of the materials. In this case, dynamic contact angle measurements (advancing
and receding) with needle-in drop technique were performed in order to analyse the effect of the
plasticiser on the wettability of PLS films. In all cases, ethylene glycol was used instead of water due

to the impossibility of measuring the angle due to the high hydrophilicity of the films. The results

are presented in Figure 3.7.

The results indicate that the advancing contact angle value (0,) was higher than receding

contact angle value (0,) that working with polar liquids ate associated to the interactions with the
dispersive and polar groups on the surface, respectively [17]. The influence of the chemical structure
of the plasticiser on surface properties of PLS was clearly appreciated. As it could be observed,

CSi135 films presented the highest contact angle values, revealing the lowest wettability of the
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material and, hence, the lower surface energy value. Lower contact angle values were observed for
both CSg35 and CSpd35 samples. Both glycerol and 1,3-propanediol plasticised films showed similar
contact angle values, although the measurements were sometimes erratic for the latter. Different
interactions between the liquid and the surface are responsible of the contact angle hysteresis, i.e. the
number of polar and dispersive interactions between the liquid and the surface, the surface
roughness or the chemical heterogeneity [17]. It is generally assumed that the advancing contact
angle is similar to the static angle when using polar liquids and higher than the dynamic receding
angle. From the obtained results, homogeneous large polar surface in case of glycerol could be
concluded with both advancing and receding low angle values, whereas significant contribution of
dispersive groups was observed in the case of D-isosorbide plasticised PLS films attending to the

higher value of the advancing angle as well as large hysteresis observed.

100
- —=—CSg35
Sr —E—CSi35
9 k —#m— CSpd35
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Figure 3.7 — Advancing and receding contact angle measurements of PLS films.
3.4.4. Dynamic mechanical analysis

In order to evaluate the viscoelastic behaviour and determine the temperature of the main

relaxations for each film, DMA measurements were performed. The evolution of the normalised
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storage modulus (E’/E’,) (whete E’, corresponds to the experimental storage modulus at -100 °C)

and tan O with temperature are presented in Figure 3.8.

All samples showed two-step modulus drop related to the temperature of the tan & peak,
which are commonly associated with the relaxation temperatures of the plasticiser-rich phase (Ta1)
and the starch-rich phase (Ta2) [8,18,19]. As it could be observed, the relaxation temperatures
associated with the plasticiser-rich domains were highly dependent on the type of plasticiser.
Temperatures of -70 °C, -63 °C and -30 °C were measured for the maximum of tan & for CSpd35,
CSg35 and CSi35 samples, subsequently. However, it is worth noting that the two main relaxations
were largely separated in case of 1,3-propanediol, closer one to each other in case of glycerol and
almost overlapped in case of D-isosorbide. Those findings would be indicating that the mentioned
biphasic organisation of the plasticised starch was not at the same scale in all cases, going from

clearly separated phases for the CSpd35 to almost monophasic organisation for the CSi35. Those

results are in agreement with the lower transmittance values measured for the CSpd35 film.

1.0

——CSg35
1l ——Csi35
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Figure 3.8 — Evolution of E’/E’, and tan 8 with temperature of PLS films.
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3.4.5. Mechanical properties

Tensile tests were carried out to assess the mechanical behaviour of PLS films. The obtained
results are collected in Figure 3.9. As it has been demonstrated in literature, when solely temperature
and water are used to obtain gelatinised starch, the final material is too brittle. As reported in
literature [16,20,21], the addition of plasticisers improves the flexibility and the processability of
starch-based materials due to their capability to reduce the intermolecular hydrogen bonds between
starch chains and increase the free volume, while enhancing the mobility of the polymeric chains.
The new starch/plasticiser intermolecular forces formed after the gelatinisation decrease the final T,

value obtaining a processable material [22].

As expected, the tensile properties of the obtained films were highly dependent on the
employed plasticiser. It is worth noting that decisive variables in terms of mechanical performance
such as the relative humidity and the storage time [23,24] were the same in all cases and thus,
molecular weight, chemical structure or hydrophobicity of the plasticiser would be determinant in
the obtained results. As it can be observed, clear initial differences were found when comparing
glycerol and 1,3-propanediol with D-isosorbide, with a higher Young’s modulus value for the latter.
The higher molecular weight and the cyclic chemical structure of D-isosorbide seem to be the
responsible of the higher stiffness measured for CSi35. Furthermore, the films plasticised with D-
isosorbide presented the highest strength values, followed by those with glycerol, while those
containing 1,3-propanediol showed the weakest behaviour. In addition, it was observed from Figure
3.9 that the use of D-isosorbide results in remarkable high strain at break values that, along with the

increased strength and Young modulus, resulted in exceptional toughness improvement for CSi35.

The results confirmed the previously argued good affinity between the starch and the D-
isosorbide since the mechanical response could be attributed to the effective interfacial hydrogen

bonding interactions [21].

-6.3-



Chapter 3

Young's modulus (MPa)

Tensile strength (MPa)

04
180

160 -
140 4
120

100 +

Strain at break (%)

80
60

40

20 -

Figure 3.9 — Mechanical properties of @ CSg35, @ CSi35 and @ CSpd35.
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3.4.6. Barrier properties

The gas and water vapour transport through the films was measured in order to analyse the
influence of the plasticiser in the barrier properties. It is well known that polysaccharide based films
have good barrier properties to gases (O,, CO»), whereas they present poorer behaviour against
water vapour [16,20]. Water vapour and oxygen permeability (WVP and OP) values were calculated

according to Equations 2.8 and 2.9.

WVP and OP results are collected in Table 3.3. Focusing firstly on WVP, high permeability
values were obtained for all samples with little differences between them. The transport of the
vapour molecules across the film is known to be governed by both diffusion and solubility
phenomena [25], related to the ability of water molecules to penetrate through the film and to the
degree of polymer/water interaction, respectively. The use of plasticisers in polymers increases the
free volume fraction between the chains of the macromolecule, thereby increasing the diffusion
coefficient. Moreover, the good affinity and H-bonding interactions between the starch and the
plasticiser with water lead to increased solubility coefficient [16,21,25,26]. Moreover, factors such
as polarity and structural features of polymeric side chains, hydrogen bonding characteristics,
molecular weight and polydispersity, degree of branching or cross-linking, processing methodology
and degree of crystallinity would affect the solubility and diffusivity coefficients and thus the
permeability of the material [27]. The similarity of the values obtained for the WVP in all samples
indicates that probably, in the case of PLS films, the high solubility of water is governing the whole
transport process, not being dependent on the quality of the interactions between the starch and

the plasticiser.

On the contrary, significant differences were observed in terms of the OP values. It should be
noted the low OP value obtained for films plasticised with D-isosorbide. According to the

mentioned free volume increasing effect of plasticisation, the results seemed to indicate that it was
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lower for the D-isosorbide containing films. In this case, the permeability decrease could be
indicating that the path for the diffusion of the oxygen small molecules was harder, thus concluding
higher interaction degree between the starch and the plasticiser. This conclusion is in agreement
with the observed main relaxation transitions in the DMA indicating that D-isosorbide presented the
greater compatibility with starch. On the contrary regarding to samples plasticised with 1,3-
propanediol, significantly higher OP values were observed what could be associated with a

previously observed worse compatibility between the starch and the plasticiser.

Table 3.3 — Barrier properties of PLS films.

Sample Y/YP 1 13 3 02P 1 -1
(kgmm“s” Pa’)x10 (cm” mm m™ day™ atm™)
CSg35 0.8 £0.6 3.7%0.1
CSi35 0.0 £0.6 0.5% 0.0
CSpd35 85%0.6 10.9 £ 0.1

3.4.7. Thermogravimetric analysis

TGA was performed in order to study the influence of different plasticisers on the thermal
stability of the PLS films. The thermal degradations behaviour of raw plasticiser and resulting films
as well as the water content of the films are shown in Figures 3.10 and 3.11 and Table 3.4,

respectively.

For comparison purposes, TGA of plasticisers was firstly performed. As shown in Figure 3.10
the thermal decompositions of 1,3-propanediol, glycerol and D-isosorbide showed a single

degradation step at around 160, 230, and 242 °C, respectively.
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Figure 3.10 — a) TG and b) DTG curves of raw plasticisers.

Regarding the PLS films, results showed that thermal degradation of starch-based films was
influenced by the used plasticiser, especially during the first degradation steps. The degradation
pattern of glycerol-plasticised starch films under nitrogen atmosphere has been widely studied and it
is generally accepted to involve three main mass-loss steps [8,28], i.e., 1) the loss of the humidity (25
- 100 °C), 2) the decomposition of the glycerol-rich phase (100 - 200 “C) and 3) the oxidation of the

partially decomposed starch (around 340 “C). In our case, glycerol plasticised samples presented the
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above mentioned three steps pattern, whereas D-isosorbide and 1,3-propanediol containing films
presented some relevant differences. On the one hand, for CSpd35 sample, below 200 °C the mass
loss occurred gradually in a broad range that may include the two steps at lower temperatures where
the degradation appeared practically overlapped and the onset of the main degradation step was
slightly shifted to higher temperatures. On the other hand, the degradation of CSi35 film proceeded
in two main steps. The first one near 100 °C and, after that, the decomposition presented a unique
step, which covered the range between 170 °C and 370 °C. It is worth noting that even if the
plasticiser content was the same, in this case, the film maintained the thermal stability almost until
the main degradation step, close to 300 °C. The results obtained are in agreement with the scarce

literature reported for D-isosorbide/starch blends, obtained by extrusion [29].

Rico et al. [30] investigated the effect of different polyols as plasticisers for starch and
concluded that the thermal stability of PLS increased with the molecular weight of the plasticiser and
it is also well known that the thermal stability of starch based materials would be affected by the
humidity content [31] that comes determined by starch/plasticiser interaction degree. The moisture
contents calculated from the TG curves in the PLS are presented in Table 3.4. These results showed
that D-isosorbide sample presented the lower moisture content value. Avérous and Pollet [19] stated
that depending on the nature and content of the plasticiser different interactions would take place in
the systems. When the starch/plasticiser interactions are strong, the plasticiser occupies specific
sorption sites and the water content decrease. Thus, the higher water content of samples plasticised
with 1,3-propanediol could be related to a poor interaction between the polysaccharide chains and
the plasticiser [19]. For 1,3-propanediol and glycerol containing samples, the second degradation
step matched with the vaporization temperature of the pure plasticisers, 160 °C and 230 °C,
respectively. On the contrary, the samples plasticised with D-isosorbide presented better stability
until higher temperatures, being not appreciable in this case any degradation steps corresponding to

plasticiser rich domain. Those results could be indicating larger homogeneity of the samples
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plasticised with D-isosorbide in comparison with the glycerol and the 1,3-propanediol. These results
corroborated the conclusions obtained by UV-vis spectroscopy, DMA measurements and OP

values.

Finally, no differences were observed in terms of the residue percentage due to the plasticiser

nature, which was close to 10% in all cases.
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Figure 3.11 —a) TG and b) DTG curves of PLS films.
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Table 3.4 — Moisture content of PLS films.

Sample Moisture content (%)
CSg35 7.68

CSi35 4.71
CSpd35 10.23

3.4.8. Morphological characterisation

The morphological characteristics of all samples and the influence of the plasticiser on the

topography of the samples were investigated by AFM. Obtained images are presented in Figure 3.12.

It could be observed that AFM images of all samples presented a two-phase microstructure
clearly distinguishable by their different roughness. Unfortunately, few works have been reported in
literature related to phase distribution and morphological features of starch-based materials by AFM
[32-35]. Among them, Thiré et al. [34] used the AFM to follow the gelatinization process of maize
starch suspensions with glycerol. They also observed the mentioned two different regions or
domains and, as shown in Figure 3.12 (a - ¢) (whole surface, 25 pm x 25 pm), smoother regions
surrounded by rougher domains appeared. As it could be noted in some of the images of the whole
surface, the shape of the surrounding rougher area was almost perfectly polyhedral, which could be
attributable to the original shape of the starch granules before their disruption [34]. Rindlav-Westling
and Gatenholm [36] investigated amylose and amylopectin films by AFM and concluded that the
rougher zones presented in the starch films were attributable to amylose, due to its semi-crystalline
nature, whereas the smoother regions were mainly amylopectin domains. The images obtained
deeper into each region (Figure 3.12 (a - ¢), smooth and rough regions, 3 pm X 3 pm) showed the
detailed features of the aforementioned domains: in the three cases smooth regions showed two
different zones, that appeared darker and lighter in the AFM phase images caused by their lower and

higher rigidity, respectively. Those rigidity differences were not distinguishable in the rougher areas.
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Regarding the roughness of the films, those plasticised with 1,3-propanediol presented the highest
values (R, = 356 nm against R, = 281 nm and R, = 205 nm for the CSg35 and CSi35 samples,
respectively). As it can be observed in Figure 3.12 (c) (rough region), 1,3-propanediol samples

presented more fibrillary appearance in the rough domain that could contribute to the whole

roughness measurement.

Smooth region | Whole surface Rough region

Figure 3.12 — AFM height images of a) CSg35, b) CSi35 and ¢) CSpd35 films.
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3.5. EFFECT OF THE PLASTICISER ON THE PROPERTIES OF TPS FILMS

Considering an industrial point of view, extrusion and compression techniques were selected
as appropriate manufacturing methods. TPS films were prepared adding glycerol, D-isosorbide and
1,3-propanediol in order to obtain materials with promising properties and scale-up productions.
The influence of the nature of the plasticiser and the manufacturing technique on the physico-

chemical, thermal, mechanical and barrier properties of the resulting materials was evaluated.

3.5.1. X-ray diffraction

The effectiveness of the plasticisation was analysed by XRD diffraction. The obtained XRD

patterns are shown in Figure 3.13.

As it could be observed, the initial A-type crystalline structure was destroyed due to the
thermomechanical energy applied to the starch/water/plasticiser mixture during the process. ESg35,

ESi35 and ESpd35 starch materials showed considerably reduced crystalline area in their
diffractograms with low intensity residual peaks centred at 20 = 19°, 20 = 18" and 20 = 21°,

respectively, indicating that the three materials were obtained successfully.

The peak located at 20 = 19° that appeated in glycerol containing samples and that is usually
accompanied by another one at 20 = 13.3°, is normally attributed to Vh-type crystalline structure,
commonly resulted as a consequence of the shear stress during the thermomechanical processing
[29]. However, in the case of ESi35, the peak was located at 20 = 18°, which is related to the Eh-

type crystalline structure, and it is formed generally when starch is processed at higher shear stress
than that necessary to form Vh-type. This finding was also observed by other authors [29] and could

indicate the great ability of D-isosorbide to plasticize starch even at low processing temperatures.
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Figure 3.13 — XRD patterns of normal maize starch and TPS films.

3.5.2. Optical properties

The transparency of extruded TPS samples was studied by UV-vis spectroscopy. Results are
shown in Figure 3.14. As it could be observed, remarkable differences were observed on the
transmittance value between the three TPS indicating the notable influence of the plasticiser. As
commonly occur, the transmittance value increased in all cases as the wavelength increases [37].
However, films plasticised with D-isosorbide showed much higher transmittance values (65.0%)

compared with those plasticised with glycerol and 1,3-propanediol (36.5% and 35.8%, respectively).

Besides, it is worth noting that the transmittance values showed by melt processed samples
were in all cases higher than those obtained for PLS films (Section 3.4.2) i.e. 18.2% for CSg35,
16.8% for CSi35 and 9.2% for CSpd35. Moreover, although the transparency of the films would be
influenced by the thickness [38], the mentioned differences noticed in this study could not be
attributable to this factor since the thickness of films obtained by solvent casting were close to those
processed by extrusion/compression. Therefore, it could be concluded that the shear stress to which

the material is subjected during the extrusion process, resulted in significant improvement in terms
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of starch/plasticiser compatibility due to the thermomechanical processing step, leading to enhanced

transparency properties.
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Figure 3.14 — UV-vis transmittance measurements of TPS films.

3.5.3. Dynamic mechanical analysis

DMA analysis was performed to evaluate the main relaxation temperatures of TPS films
plasticised with glycerol, D-isosorbide and 1,3-propanediol. The evolution of the normalised storage

modulus (E’/E’,) and tan 8 with temperature is presented in Figure 3.15.

As could be observed, samples plasticised with glycerol and 1,3-propanediol showed the two-

step modulus drop related to the relaxation of the plasticiser-rich phase (Ta1) and the starch-rich

phase (Ta2) almost at the same temperatures than that for the PLS films [18,39,40]. On the contrary,
the TPS films obtained with D-isosorbide presented a different viscoelastic pattern, with a single
broad modulus drop at significantly higher temperatures. The results would indicate that higher
degree of miscibility had been achieved in case of the ESi35 by comparing with its PLS counterpart,

CSi35, where even though the two main transitions were overlapped, they were distinguishable. The
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evidence of a single-phase homogeneous material explained the significantly increase of the

transmittance values obtained for the TPS in comparison with the same PLS sample.
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Figure 3.15 — Evolution of E’/E’, and tan 8 with temperature of TPS films.

3.5.4. Thermogravimetric analysis

The thermal degradation of extruded TPS films was evaluated by TGA. Figure 3.16 shows the

TG and DTG curves obtained for ESg35, ESi35 and ESpd35 films.

As it could be observed, the thermal degradation of extruded starch-based films was
influenced by the nature of the plasticiser. The results showed the same patterns as PLS films. It is
worth noting the reduced moisture content of ESi35. Comparing CSpd35 and ESpd35, in the case
of ESpd35 sample, a lower weight loss is observed in the second degradation step related to the
plasticiser. This fact could suggest that during the extrusion and compression steps the plasticiser

was lost, since at high temperatures the 1,3-propanediol could be evaporated or degraded (see Figure

3.10).
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Figure 3.16 — a) TG and b) DTG curves of TPS films.

3.5.5. Mechanical properties

The influence of the plasticiser on the mechanical behaviour of the extruded films was
evaluated by tensile test measurements. The results of all samples are collected in Figure 3.17. The

stress-strain values of PLS films (Section 3.4.5) are also represented for comparative purposes.

As in the case of PLS films, the overall mechanical behaviour of the material was strongly

affected by the plasticiser type and significant differences were observed, mainly in the case of using
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1,3-propanediol. Indeed, the Epd35 film showed the highest Young’s modulus and tensile strength
values, while presented extremely low strain at break value typical of brittle materials. These results
suggest that no effective plasticisation was achieved in TPS films plasticised with 1,3-propanediol,
which could be attributed to the evaporation or degradation of 1,3-propanediol during the extrusion
or compression steps. On the contrary, the films containing glycerol and D-isosorbide showed
better overall mechanical performance. Comparing both samples tougher and stiffer mechanical
behaviour was observed for the latter. In fact, the Young’s modulus of ESi35 was found to be close
to 5 times higher than that for ESg35 with considerably higher values of elongation at break. From
the results it could be concluded that D-isosorbide led to the most effective plasticisation, whereas

non expected poor behaviour was obtained with 1,3-propanediol.

By comparing the obtained TPS films with those prepared by solvent casting, it could be
noticed that the thermomechanical processing led to stiffer materials with higher tensile strength
values and less elongation at break capacity. Attending to the results observed for 1,3-propanediol, it
could be concluded that the mechanical behaviour is strongly influenced by the films preparation
conditions, since the extrusion and compression temperatures of TPS is too close to the evaporation
or degradation temperatures of 1,3-propanediol. Thus, 1,3-propanediol was not an effective
plasticiser for TPS, while could be suitable for PLS films. These results agreed with TGA
conclusions, corroborating that the evaporation or degradation of 1,3-propanediol during the
extrusion and compression processes resulted in a less plasticisation effect leading to a poor

mechanical behaviour.
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3.5.6. Barrier properties

The barrier properties of the different starch-based extruded materials were also investigated
gravimetrically by evaluating the oxygen and water vapour transport through the films. The results
are summarised in Table 3.5. ESpd35 sample resulted extremely brittle and, unfortunately, the

characterisation of the bartier properties was not possible in that case.

The results presented for casted films (Section 3.4.6) demonstrated that the WVP was mainly
governed by the high ability of water molecules to interact and penetrate through the film because of
the strong starch/water affinity, and thus was independent on the quality of starch/plasticiser
interactions. It has also taken into account that the plasticiser content is also a critical factor in
barrier properties [41]. The results obtained for the TPS were similar to those obtained by solvent
casting for the same plasticisation compositions showing no relevant differences regarding the WVP
with different plasticisers. WVP values of (8.3 £ 1.5) x 10" and (10.9 £ 3.7) x 10" kg m m? s Pa’
were measured for ESg35 and ESi35, respectively. On the contrary, the OP was again found to be
strongly influenced by the plasticiser used, and near twenty times lower OP value was obtained for
ESi35 comparing to that for glycerol plasticised one. OP values of 10.9 + 3.5 and 0.6 * 0.3 cm’ mm
m™ day”’ atm” were measured for ESg35 and ESi35, respectively. The improvement of the OP was
explained by the reduced amount of free volume introduced during the plasticisation with D-
isosorbide, resulting from the strong interactions between the plasticiser molecules and the polymeric

chains and, at the same time, the reduced mobility of the cyclic chemical structure of the plasticiser.

3.6. EFFECT OF RETROGRADATION ON THE PROPERTIES OF PLS
FILMS

The retrogradation involves the reorganisation and recrystallization of amylose and
amylopectin chains immediately after the gelatinization and during the storage time, affecting the

mechanical behaviour of starch-based films and, therefore, compromising the applicability of the
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material [37,42]. Considering the importance of retrogradation in the evolution of the properties of
starch-based materials, the characterisation of the films was repeated after certain storage time in
order to evaluate the effect of the plasticiser type on the retrogradation degree. Thus, the PLS films

obtained by solvent casting (Section 3.2.1) were allowed to age for four weeks since gelatinization.

3.6.1. Optical properties

In order to analyse the evolution of the optical properties, UV-vis tests of all samples were
repeated over aged samples (2 weeks after the characterisation of fresh films). The results are shown
in Figure 3.18. The transmittance values of aged films were found to be the same of those measured
with non-aged samples. The obtained results are agreed with that reported by Jiménez et al. [43], where

it was concluded that retrogradation process did not affect the optical properties of the starch films.
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Figure 3.18 — UV-vis transmittance measurements of PLS (continuous lines) and aged films (dotted lines).

3.6.2. Surface properties

The influence of the retrogradation in the surface properties was analysed in terms of the
evolution of the dynamic contact angle (Figure 3.19). As noticed, significant differences were

observed due to the retrogradation of the films. Indeed, the contact angle values of samples
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plasticised with glycerol and 1,3-propanediol increased significantly after storage time, mainly in
CSg35-aged films. On the contrary, contact angle values for CSi35 decreased after retrogradation.
The retrogradation of the PLS is usually assumed to be consequence of the alignment of the amylose
chains and the partial recrystallization of amylopectin and, according to our results, it seemed to
affect significantly the surface energy of the films. Therefore, remarkable influence could be noticed
for the glycerol and 1,3-propanediol containing samples, whereas the use of D-isosorbide as
plasticiser seemed to reduce the impact of this phenomenon. Avérous and Pollet [19] reported that
the retrogradation of starch-based materials is strongly influenced by the T,, since lower values

indicate higher mobility of the polymeric chains and, hence, facilitates the reorganisation [19].

As it was demonstrated by DMA measurements in Section 3.4.4, the relaxation temperatures
associated with the plasticiser-rich domains (T.1) were highly dependent on the type of plasticiser.
Relaxation temperatures of -70 °C, -63 °C, and -30 °C were measured for the maximum of tan 0 for
CSpd35, CSg35, and CS135 samples, subsequently. At room temperature, retrogradation involves the
rearrangement of the polysaccharide chains [19]. Thus, the mobility of the starch chains located in
the plasticiser rich domains was higher in samples plasticised with 1,3-propanediol and glycerol
compared with CSi35 sample. Therefore, the retrogradation may occur in a greater extent leading to
significant variations of the contact angle measurements for CSpd35 and CSg35 materials. However,
plasticiser migration effects have to be considered during the storage time of the films [44]. As it
could be appreciated in the Figure 3.19, the increase in the contact angle of the CSg35-aged films
was considerable and, at the same time, the hysteresis between the advancing and receding angles
increased. Attending to the results, the evolution of the molecules at the surface was evident in this
case revealing the presence of highly dispersive interactions after retrogradation. On the contrary,
the use of D-isosorbide as plasticiser for PLS led to higher stability of the surface properties of the

films that maintained almost at the same value.
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As it could be observed, significant increase in both the Young’s modulus and tensile strength
values were detected for CSg35-aged and CSpd35-aged samples, whereas CSi35-aged films did not
show such variations on their mechanical properties. According to published literature [8,23,26], one
of the major effects of the retrogradation of gelatinized starch is referred to be the strengthening of
the material along with the increase in the Young’s modulus value due to the reorientation and
recrystallization that restricts the chain’s mobility [23,30]. However, this general behaviour was not
detected in the D-isosorbide plasticised films. These findings are in concordance with DMA results
reported by Battegazzore et al. [29] for extruded starch plasticised with D-isosorbide. The stability of
the mechanical properties along with the contact angle measurements also confirmed the lower

degree of retrogradation in CSi35 samples.

3.6.4. Barrier properties

The effect of retrogradation on the barrier properties was evaluated by performing again the
water vapour and oxygen transport measurements after the selected storage time. Results are shown
in Table 3.6. As it was noticed, both WVP and OP were not influenced by the retrogradation
phenomenon. As concluded in Section 3.4.6, the WVP was governed by starch/water interactions
since the OP was dependent on the type of plasticiser. Although slight differences were observed, it

seemed that the permeability values remained almost constant after the storage time.

Table 3.5 — Barrier properties of PLS films and after storage.

Sample ?VYP 1 13 3 OzP 1 -1

(kgmm“s” Pa’)x10 (cm” mm m™ day™ atm™)
CSg35 6.8 £ 0.6 3.7+ 0.1
CSg35-aged 0.4 =*0.7 31%£03
CSi35 0.0 £ 0.6 0.5+ 0.0
CSi35-aged 0.6 1.1 0.3£0.0
CSpd35 8.5% 0.6 10.9 £ 0.1
CSpd35-aged 7103 11.1 £ 0.6
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3.6.5. Morphological characterisation

AFM images of aged samples were recorded in order to evaluate the evolution of the
morphology due to the retrogradation of starch. Figure 3.21 shows images of CSg35-aged, CSi35-
aged, and CSpd35-aged samples (3 pm X 3 um). After the storage time, the two different regions
above discussed were also observed, but more homogeneous general appearance and uniform
roughness was appreciated. Those changes in the surface of the films might be related to the phase-
reorganisation because of the retrogradation. As mentioned above, the alighment of the amylose is
likely to occur almost immediately after casting and drying processes, but the recrystallization of the
amylopectin needed longer storage times. Indeed, those smoother zones that were attributable to the
amylopectin-rich domains presented enhanced roughness after the two weeks of storage. It is worth
noting that phase images of the aged samples did not show lighter and darker zones as the non-aged
samples did. This could be attributable to the retrogradation phenomenon, but it should be also
considered that a certain degree of migration of the plasticiser to the surface could interfere in the
indispensable good interaction between the tip and the surface, which could lead to resolution

limitations.

CSg35-aged CSi35-aged CSpd35-aged

Figure 3.21 — AFM phase images of aged PLS films.
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3.7. CONCLUSIONS

Starch-based films plasticised with glycerol, D-isosorbide and 1,3-propanediol were
successfully prepared in order to study the suitability of the three plasticisers to be used as
plasticisers for starch-based films following both solvent casting and extrusion/comptression
methods. Firstly, the capacity of all plasticisers to destroy the crystalline domains of the native starch

granules was analysed by DSC and TOM.

After that, PLS films were satisfactorily prepared by solvent casting and it was confirmed that
the use of different plasticisers resulted in significant differences. CSi35 sample presented
significantly higher transmittance values, as well as higher Young’s modulus, elongation at break and
tensile strength and much lower OP value. Regarding the surface morphology, similar results were
obtained in all cases, where a two-phase microstructure, related to the amylose and amylopectin rich

domains was determined by AFM.

After that, the viability of extrusion/compression technique was demonstrated. Besides, the
effect of the plasticiser and manufacturing technique was analysed. As demonstrated, the good D-
isosorbide/starch affinity resulted in excellent optical, mechanical and batrier properties whereas
1,3-propanediol containing films were extremely brittle due to the loss of the plasticisers during the
processing. Finally, the variation on the final properties of PLS due to retrogradation was studied,
concluding that those films plasticised with D-isosorbide were less affected by retrogradation and
showed a remarkable higher general stability. Thus, the use of D-isosorbide enhanced the reliability

of the material.
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4. NANOENTITIES

4.1. OBJECTIVE

The objective of the present chapter is the description of the obtainment and characterisation
of the two types of nanoentities used in this research, ie. the two types of polysaccharide

nanocrystals (NC) and the graphene (G) or graphene oxide (G).

Regarding the polysaccharide nanocrystals, waxy maize starch nanocrystals (WSNC) and
cellulose nanocrystals (CNC) were employed. The NCs were isolated by acid hydrolysis obtaining
the crystalline domains of waxy maize starch and microcrystalline cellulose. The crystallinity of both

NCs was investigated by XRD and their morphological features and nanoscale dimensions were

characterised by AFM.

In addition, G and GO were prepared. G was exfoliated from graphite, whereas GO was
obtained from the oxidation reaction of graphite. The crystalline structure of both nanoflakes was
studied by XRD. The chemical structure was corroborated by Raman spectroscopy and the

morphology and size distribution of both G and GO nanoflakes was analysed by TEM.

The obtained polysaccharide NCs and G or GO nanoflakes were further used as

nanoreinforcements in film nanocomposites and also in starch-based nanocomposite hydrogels.

4.2. OBTAINMENT OF POLYSACCHARIDE NANOCRYSTALS

The amorphous domains of both waxy maize starch (~99% amylopectin) and microcrystalline

cellulose were degraded and dissolved by performing controlled acidic hydrolysis in order to obtain

nanosized highly crystalline polysaccharide nanoparticles, i.e. WSNC and CNC.
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4.2.1. Isolation of waxy maize starch nanocrystals (WSNC)

The preparation of WSNC was carried out by acidic hydrolysis according to the method
described elsewhere [1,2]. 36.7 g of waxy maize starch were mixed with 250 mL of sulfuric acid
aqueous solution (3.16 M) maintaining the reaction for 5 days at 40 “C under continuous magnetic
stirring. The reaction was stopped with distilled water and the suspension was then washed and
centrifuged with distilled water until complete neutralisation. The obtained WSNC were stored at 4

°C after adding some drops of chloroform and freeze-dried.

4.2.2. Isolation of cellulose nanocrystals (CNC)

The extraction of the crystalline parts of microcrystalline cellulose (MCC) was also performed
by acidic hydrolysis following the procedure employed by Saralegi et al. [3] and Santamaria-Echart et
al. [4]. 5 g of MCC were treated with sulfuric acid 64 wt.% aqueous solution. The reaction was
carried out during 30 min at 45 "C with continuous stirring. The suspension was diluted with
distilled water to stop the reaction. After that, the acidity was firstly reduced by centrifugation (twice,
4500 rpm, 20 min) and the precipitate was then neutralised by dialysis (4 - 5 days). Finally, the

suspension was ultrasonicated for 15 min and freeze-dried.

4.3. CHARACTERISATION OF POLYSACCHARIDE NANOCRYTALS

As explained above the crystalline domains of waxy maize starch and microcrystalline cellulose
were isolated by acid hydrolysis in order to obtain polysaccharide nanoscale nanofillers, i. e. WSNC
and CNC. The crystalline structure as well as the crystallinity degree of the NCs was determined by

XRD, whereas the morphology and the nanoscale dimensions were corroborated by AFM.

4.3.1. X-ray diffraction

XRD measurements were carried out in order to observe the crystalline polymorphism of

polysaccharide NCs. Results are shown in Figure 4.1. Native starch, depending on its origin,
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presents three different crystalline arrangements namely A-type, B-type and C-type polymorphism,
which differ due to different packaging organisation of the double helices [5,6]. XRD pattern of
WSNC showed the typical A-type polymorphism [7] already described in Chapter 3. The XRD
pattern of CNC exhibited strong peaks at 20 = 14.5°, 20 = 16.8°, 20 = 22.7° and a small peak at 20

= 34.5° associated to the typical cellulose I crystalline structure [8].

— WSNC
—CNC

Intensity (a.u.)

5 10 15 20 25 30 35 40
Reflection angle 20 (°)

Figure 4.1 — XRD patterns for WSNC and CNC.

As explained by Lin et al. [9], the crystallinity degree of polysaccharide NCs should be 100%.
However, disorder or amorphous domains cannot be completely removed by hydrolysis, leading to a
lower crystallinity degree. Following the method described elsewhere [10,11], a crystallinity
percentage of 22.8% for WSNC was calculated (Equation 2.1, Section 2.2.1.3). Besides, according to
the method reported previously [12] a crystallinity percentage of 83.6% was calculated for CNC
(Equation 2.2, Section 2.2.1.3). Other authors [9,13] determined similar values for CNC obtained
from MCC (54-88%) [9], but higher crystallinity degree percentages for WSNC (38—48%) [13].
Differences could be related to the different extraction protocol employed, along with the method

used for calculating crystallinity degrees [10,11]. However, even if the crystallinity percentage of the
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WSNC could be affected slightly by the calculation method, the results for CNC were, as expected,
significantly higher.
4.3.2. Thermogravimetric analysis

TGA measurements were performed to study the thermal behaviour of both WSNC and

CNC. The obtained TG and DTG curves are shown in Figure 4.2.

— WSNC

Weight (%)

O L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
100 200 300 400 500 600 700 800

Temperature (°C)

b) 0.000
-0.001
-0.002
-0.003

-0.004

DTG (%/°C)

-0.005

-0.006 - —— wsNc

I —CNC

_0007 " 1 " 1 " 1 " 1 L
100 200 300 400 500

Temperature (°C)

Figure 4.2 — a) TG and b) DTG cutves of WSNC and CNC.
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The degradation process of both NCs, i.e. WSNC and CNC, involves two steps. As explained
by Wang et al. [14] CNC obtained by hydrolysis with sulfuric acid presented three degradation steps.
The first step is associated with the evaporation of absorbed water (below 120 °C). Then, the second
is related to the remove of these sulphate groups from the surface of the CNCs (around 180 °C),
whereas the latter is associated to the degradation of cellulose (near 370 °C). In our case, slight
differences were observed which may be due the different botanical origin of cellulose and reaction
conditions. On the other hand, the WSNC also obtained by sulfuric acid hydrolysis followed the
same thermal degradation pattern described by Wang et al. [14], presenting the above mentioned
three step degradation pattern, where the removal of the sulphate groups and the degradation of

starch occurred at 225 °C and 350 °C, respectively.

4.3.3. Atomic force microscopy

Morphological features and the dimensions at the nanoscale of the NCs were studied by AFM.
Obtained phase and height images, as well as an example of the cross-sectional height profile of

CNC (indicated with a blue line) are shown in Figure 4.3.

Width and length values of WSNC, as well as cellulose length values, were measured from
AFM height images. Assuming the cylindrical shape of CNC [3] average diameter values were
obtained by the evaluation of a hundred CNC from the AFM height profiles. The AFM height
profiles were also used to determine the thickness and corroborate the length of WSNC measured
from AFM height images. For WSNC, since they trend to agglomerate, less single NCs were
possible to measure. Dimensions in the nanoscale of both WSNC and CNC were confirmed. WSNC
were found to be platelet-like, with 28.2 £ 7.4 nm in width and 35.0 £ 7.9 nm in length. Besides, the
thickness was found to be around 6.0 nm. CNC presented the typical fibril-like geometry with 9.1 &

2.6 nm in diameter and 150.6 £ 29.1 nm in length. These results agreed with those obtained in
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literature [1,3,4,15]. Attending to AFM and XRD results, it was concluded that the employed

hydrolysis methods were satisfactory.

Height (nm)

o L L L L s
0 25 50 75 100 125 150

Distance (nm)

Height (nm)

2 1 L L s L
0 25 50 75 100 125 150

Distance (nm)

Phase Height Height profile

Figure 4.3 — Phase and height AFM images of isolated a) WSNC and b) CNC (including the height profiles).

4.4. OBTAINMENT OF GRAPHENE AND GRAPHENE OXIDE

G and GO were both obtained by exfoliation from graphite by ultrasound assisted and

oxidation methods, respectively. Besides, GO was reduced assisted by ascorbic acid.

4.4.1. Preparation of graphene nanoflakes

The exfoliation of G was performed as described by Ugarte et al. [16]. 20 g of graphite were
sonicated in 1.5 L. of N-methyl pyrrolidone (NMP) for 100 h. The obtained dispersion was

centrifuged at 4000 rpm for 45 min and the supernatant was filtered (Polyamide filters, Sartorius,

pore size 0.2 pm), washed with acetone and dried for 48 h at room temperature.
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4.4.2. Preparation of graphene oxide nanoflakes

The GO nanosflakes were obtained following the Hummers' method [17] with slight
differences. 1 g of graphite was mixed and stirred with 0.5 g of NaNO; and 23 ml of sulfuric acid
(96% purity) during 30 min at 0 "C. After that, 3 g of KMnO, were added and the resulting
dispersion was maintained in continuous magnetic stirring during 2 h at 0 °C. Then, the mixture was
heated for 30 min at 35 °C. Next, 46 mL of distilled water were added drop by drop, heated at 98 °C
and maintained during 30 min. Finally, 10 mL of HxO, (30% purity) were added at room
temperature and when the formation of bubbles in the mixture ended, 150 mL of distilled water
were added. The supernatant of the mixture was discarded, and the resulting sediment was washed
by centrifugation with a 5% HCI aqueous solution (4500 rpm, 20 min, 5 times) and distilled water

(4500 tpm, 20 min, until pH = 7). The sediment was filtered (Polyamide filters, Sartorius, pore size

0.2 pm) and dried in an oven for 48 h at 50 °C. Figure 4.4 shows images of the obtained G and GO.

Graphene Graphene oxide
(G) (GO)

Figure 4.4 — Images of isolated G and GO.

4.4.3. Reduction of graphene oxide

The reduced graphene oxide (rGO) was obtained using ascorbic acid as reduction agent. Thus,
GO was submerged in a solution of 30 g of ascorbic acid I." of distilled water at 95 °C for 2 h. After
that, in order to remove the excess of ascorbic acid, the rGO was washed several times with distilled

water and dried at room temperature for 24 h.

-99-



Chapter 4

4.5. CHARACTERISATION OF GRAPHENE AND GRAPHENE OXIDE

G and GO nanoflakes were both obtained from graphite, by ultrasound assisted exfoliation
procedure and by the Hummers' method, respectively. The chemical structure and the crystallite size
of both nanoparticles was corroborated by Raman spectroscopy, and the crystallinity by XRD.

Besides, the morphology was studied by TEM.

4.5.1. Raman spectroscopy

Raman spectroscopy was performed in order to analyse the structure of graphite and its

derivatives G, GO and rGO. Obtained Raman spectra are presented in Figure 4.5.

All samples showed the typical pattern of carbon materials [16,18]. In the case of graphite, the
disorder-induced D band that requires a defect (such as vacancies, grain boundaries and amorphous
carbon spaces) to be activated and is related to the nanoflake edges appeared at 1364 cm™ [16,19,20].
This band appeared weakly due to perfect benzene structure of graphite [21]. The first order G band
associated to the in-plane sp? C-C stretching mode is located around 1580 cm™. Besides, the second

order 2D band that corresponds to the zone boundary phonons and is highly sensitive to stacking

[16,20] is centred at 2711 cm™.

Regarding the pattern of G, the increase of the intensity of the D band, the appearance of the
D’ shoulder and the new D+G band at 2939 cm™ demonstrated that the exfoliation of graphite
occurred satisfactorily [22]. The D+G band was also observed for GO and rGO. Besides, for GO
the G band shifted to higher values due to the new oxygen functional groups on the structure and
the formation of sp’ carbon atoms, whereas the D band broadened due to the creation of defects,

vacancies and distortions after the oxidation and reduction [23].

The intensity ratio of D and G bands, Ip/Ig, is inversely related with the size of the defect-free

sp” cluster region [16,22], and thus, reflected the quality and the disorder degree of the material
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[19,24]. An Ip/Is of 0.54 was obtained for G, whereas the value increased up to 0.87 and 1.26 for
the GO and rGO, respectively, indicating that the exfoliation of graphite by ultrasound assisted
procedure led to nanoflakes with fewer defects. On the other and, the intensity ratio of 2D and G
bands, Ip/Ig, is associated with the number of layers of carbon materials, obtaining typical values of
~1.6, ~0.8, ~0.30 and ~0.07 for single-, double-, triple-, and multi-layer materials, respectively
[18,25]. In our case, the Iop/I values of 0.53 and 0.41 were calculated for G and GO, respectively,

indicating that both nanoentities were obtained as few-layered materials.

Graphite
—G G

— GO D 2D
rGO A LN .

DV
D+G

Intensity (a.u.)

500 1000 1500 2000 2500 3000 3500

Raman shift (cm™)

Figure 4.5 — Raman spectra of graphite, G, GO and tGO.

4.5.2. X-ray diffraction

XRD measurements were performed to analyse the crystalline structure of the obtained
carbon materials. Figure 4.6 shows the diffractograms of G, GO and rGO as well as, for a better
understanding of the results, the diffractograms of graphite. The obtained XRD results were used to

calculate the interlayer distance following the Bragg’s law (Equation 4.1) [26].

nA=2d sin0 (Eq. 4.1)
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where 7 is a whole number (in our case 1), A is the incident radiation wavelength (0.154 nm), 4
is the shortest distance between successive identical planes in the crystal which is associated to the

intetlayer separation and @is the angle of incidence of the primary rays on the plane.

Graphite (002)

—G
—— GO
rGO
(002)
__'J P N

10 20 30 40

Intensity (a.u.)

Reflection angle 20 (°)

Figure 4.6 — XRD patterns of graphite, G, GO and rGO.

The XRD spectra of G presented a unique peak at 20 = 26.8" related to the (002) plane of the
hexagonal structure of pure graphite with an interlayer separation of 3.32 A which is very close to
graphite (20 = 26.7°; 3.33 A) and also to the reported in the literature [27-29]. In the case of GO, in
addition to the small peak at 20 = 26.6" a new signal located at 20 = 11.2° was observed associated
to the (002) plane of GO with an interlayer separation of 7.89 A [30]. This increase of the interlayer
separation was related with the intercalation of water molecules and the presence of oxygen
containing functional groups between GO layers. In addition, in the case of GO, the presence of the

peak of pure graphite (also appeared in G), indicates that some GO nanoflakes still maintained the

graphitic structure. After the reduction of GO, rGO did not show the characteristic peak of GO and
showed a peak at 20 = 26.8° with an interlayer separation of 3.32 A, suggesting the existence of T - 7t

stacking between G nanoflakes due to the removal of oxygenated functional groups. Moreover,
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when GO is reduced by external factors like heat treatment or reducing agents, the peak position of
GO nanoflakes shift toward higher scattering angles, according to the degree of reduction [31].

Thus, the peak around 20 = 22.5° belongs to the partially reduced GO.

4.5.3. Thermogravimetric analysis

The thermal stability of graphite, G, GO and GO was determined by TGA analysis. Figure

4.7 shows the TG and DTG curves of all samples.

As it was expected, graphite presented an almost negligible degradation step along the studied
temperature range [32]. In a similar way, G since it is also made of only sp”* bonds [33], possesses a

very low mass loss, which could be associated to existing defects and residual solvents [34].

In contrast, the degradation of GO involves larger mass loss in two main degradation steps: 1)
removal of water molecules at the GO surface (25 - 150°C), 2) pyrolysis of oxygen containing
functional groups (175 - 320°C) generating carbon monoxide, carbon dioxide and water [35-37].
Above 320 °C, the weight remains almost constant [35]. TG analysis revealed a weight loss of 14%
related to the water and a weight loss of 33% associated with the oxygen containing groups.
According to the conclusions obtained by Ma et al. [38], tGO presented a similar behaviour
compared with GO but showing a lower weight loss. A weight loss of 20% associated with the
oxygen containing groups determined for rGO. These results would indicate that oxygen groups

were not totally removed, and the G structure would be partially restored.
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Figure 4.7 — a) TG and b) DTG curves of graphite, G, GO and rGO.

4.5.4. Transmission electron microscopy

The morphology of G and GO was characterised by TEM. For the preparation of the samples
they were sonicated in distilled water (0.5 wt.%) for 1 h. In the case of G, Salvia extracts were used
in order to improve the stability of the dispersion in water. One drop of the resulting suspension
was placed in a copper grid covered by holey carbon film. Finally, it was dried under vacuum. Figure

4.8 shows the recorded TEM images of both carbonaceous nanoparticles.
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By comparing the TEM phase images of G and GO (Figure 4.8, left column), it could be
concluded that the latter showed a more homogeneous morphology. It should be taken into account
that G TEM images were obtained in water using Salvia as emulsifier which could be affecting the
arrangement of G nanoflakes. On the other hand, comparing the high resolution TEM images
(Figure 4.8, right column) of both samples, in the case of GO highly oriented domains could be
observed, whereas they were not so appreciable for G. Thus, it could be suggested that Salvia is also

interfering in the orientation of G.

a)

Phase High resolution

Figure 4.8 — TEM phase and high resolution images of a) G and b) GO.

4.6. CONCLUSIONS

WSNC and CNC were successfully isolated by acid hydrolysis. According to XRD results it
was concluded that both NCs showed the expected polymorphisms. Besides, it was found that the
crystalline degree of CNC was significantly higher as expected. As the AFM images showed,

obtained WSNC presented the predicted platelet-like shape whereas the CNC possessed rod like
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geometry. Therefore, AFM and XRD results demonstrated that the acid hydrolysis protocols used in
each case were satisfactory, and thus, the NCs were appropriate to be employed as

nanoreinforcements in starch-based nanocomposites.

Carbonaceous nanoparticles were also successfully obtained from graphite. The structure of all
nanoparticles was confirmed by Raman spectroscopy and XRD and the morphology by TEM. It
was observed that GO presented higher interlayer separation. In contrast, it was noticed that the

morphology of G nanoflakes was affected by Salvia extracts.
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5.  NANOCOMPOSITE FILMS BASED ON STARCH AND
POLYSACCHARIDE NANOCRYSTALS

5.1. OBJECTIVE

As a general conclusion of Chapter 3, films plasticised with 1,3-propanediol could be
discarded as they showed poor starch/plasticiser compatibility leading to phase separation, higher
opacity, brittle material and higher permeability values. Moreover, in the case of TPS films, at high
processing temperatures the loss of 1,3-propanediol occurred, resulting in a more brittle material.
On the contrary, the use of D-isosorbide led to optimized transparency and mechanical and bartier
properties. Glycerol plasticised films showed better starch/plasticiser compatibility in comparison
with 1,3-propanediol films, but worst mechanical and barrier properties than films plasticised with
D-isosorbide. Therefore, in order to increase the competitiveness of glycerol plasticised films, we
considered that the incorporation of polysaccharide NCs into glycerol plasticised PLS and TPS
matrixes could lead to the improvement of the behaviour of the material, especially the one related

to the mechanical and the barrier properties.

Thus, the main objective of the present chapter was the development of nanocomposite films
by adding polysaccharide NCs. The effect of different contents of WSNC on a normal maize starch
matrix plasticised with glycerol was analysed. In addition, the influence of using together NCs with

similar chemical structure but different geometries, i.e. WSNC and CNC, was also studied.

Morteover, films were obtained by both solvent casting and extrusion/compression
techniques, obtaining PLS and TPS nanocomposites, subsequently. As concluded in Chapter 3, the
films obtained by extrusion/compression method showed improved mechanical and bartier
properties than those obtained by solvent casting. However, nanocomposites were also prepared by

solvent casting since we considered that a better dispersion of the nanofiller could be achieved by
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this technique which could lead to enhanced mechanical and barrier behaviour. Thus, in order to
corroborate these hypotheses, the effect of using different processing techniques in the properties of
starch-based films was also evaluated. All the resulting nanocomposites were characterised in terms

of thermal stability, mechanical and barrier properties and morphology.

5.2. OBTAINMENT OF STARCH/POLYSACCHARIDE NANOCRYSTALS
NANOCOMPOSITE FILMS

5.2.1. Preparation of nanocomposite films based on PLS and polysaccharide
nanocrystals by solvent casting

The nanocomposites were obtained following the method described in Section 3.2.1. A

mixture of 3.58 g of normal maize starch, 1.93 g of glycerol and 35 g of distilled water was heated to

90 °C with continuous stirring for the gelatinization during 20 minutes. After that, the desired

amount of NCs was added, after their previous dispersion in distilled water by ultrasonication. In

order to avoid the gelatinization of the WSNC, the mixture was cooled down below 50 “C before

adding the NCs. Thereafter, the viscous gel was homogenised in a dispersing system for 3 min at
15,000 rpm (POLYTRON® PT 2500 E). After that, the material was spread into glass petri and

dried in an oven at 55 “C for 2 h. The samples were named as CSg35 plus the NCs content, followed

by the WSNC and/or CNC proportion (CSg35 + wt.% (WSNC/CNC)).

The glycerol content was set on of 35 wt.% for all samples, i.e. relative to the starch plus
plasticiser mixture weight. The nanofiller content was relative to the starch plus glycerol weight and
WSNC or CNC contents were relative to the total NCs weight. All the samples were stored at 43%

RH for two weeks before all characterisation tests.
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5.2.2. Preparation of nanocomposite films based on TPS and polysaccharide

nanocrystals by extrusion/compression

The preparation of the TPS nanocomposites was carried out in a similar way that the
employed in Section 3.2.2, following the 4-step methodology: gelatinization, freeze-drying, extrusion
and compression. Once the gelatinization was completed as described for solvent casting process,
the desited amount of NCs was added to obtain the nanocomposites, homogenised and finally
freeze-dried. Thereafter, the freeze-dried material was extruded and compressed following the same
processing methodology presented in Chapter 3, ie. extrusion at 120 “C/50 rpm and subsequent
compression moulding working at 1) 120 °C/0 t/5 min and 2) 120 *C/2.5 t/5 min. The samples
were named as ESg35 plus the NCs content, followed by the WSNC and/or CNC propottion

(ESg35 + wt.% (WSNC/CNC)).

Similarly as for casted films, a glycerol content of 35 wt.% was used for all samples, i.e. relative
to the starch plus plasticiser mixture weight. In addition, the nanofiller content was relative to the
starch plus glycerol weight and WSNC or CNC contents were relative to the total NCs weight. All

the samples were stored for two weeks at 43% RH before characterisation.

5.3. EFFECT OF WAXY MAIZE STARCH NANOCRYSTALS CONTENT ON
THE PROPERTIES OF PLS FILMS

In order to improve the overall behaviour of PLS films plasticised with glycerol WSNCs were
incorporated. Thus, the influence of adding different contents of WSNC (1, 2.5 and 5 wt.%) on the

final properties of the nanocomposites was analysed.

5.3.1. Dynamic mechanical analysis

The viscoelastic behaviour of the bionanocomposites was studied by DMA. Figure 5.1

presents the evolution of E’/E’, and tan & with temperature of films obtained by solvent casting. In

-115-



Chapter 5

agreement with results obtained in Section 3.4.4, two-step modulus drops simultaneously to the tan
d peak temperatures near —60 “C (To1) and —20 °C (Twz) were obsetved. As explained, it is generally
assumed that they corresponded to the main relaxation temperatures of glycerol-rich and starch-rich
phases, respectively [1]. As it can be noted, the addition of WSNC resulted in a significant shift of
Tor and Tz to higher temperatures which indicated strong interactions between the NCs and starch
affecting the mobility of both phases. Indeed, it could be appreciated that as WSNC content
increased, the peaks shifted up to temperatures close to —50 “C and, and at the same time, a marked
decrease of the intensity of the tan & was evidenced as less glycerol molecules relaxed. In addition,
the mentioned effect in the both transitions was especially noticeable for 2.5 wt.% and 5 wt.%

samples, where a remarkable increase of the E’/E’, was also observed revealing that a good

dispersion of the NCs was achieved.

1.0
———(Sg35
1 ——— CSg35 - 1 (100/0)
i ————5g35-2.5(100/0) | o g
——— CSg35 - 5 (100/0)
01 0.6
o B )
o 8
0.4
001}
0.2
1E-3 - L : L - L - L - 0.0

-100 -80 -60 -40 -20 0

Temperature (°C)

Figure 5.1 — Evolution of E’/E’, and tan 8 with temperature of obtained PLS nanocomposite films
reinforced with WSNC.

5.3.2. Mechanical properties

The mechanical properties of bionanocomposites reinforced with different contents of

WSNC were determined by means of tensile tests. Obtained results are collected in Figure 5.2.
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Figure 5.2 — Mechanical properties of B CSg35, @ CSg35 - 1 (100/0), @ CSg35 - 2.5 (100/0) and m CSg35 - 1
(100/0).
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The addition of WSNC resulted in a significant improvement of the mechanical properties of
the PLS matrix plasticised with glycerol. Indeed, the Young’s modulus increased from 2.5 MPa for
the unfilled PLS to 7.5 MPa for the bionanocomposites with 2.5 and 5 wt.% of WSNC and the
tensile strength was improved in a 70%. Moreover, with both 2.5 and 5 wt.% of WSNC similar
elongation at break values were measured. Due to the identical chemical nature of the matrix and the
nanofiller, a good affinity between both components was observed as expected, allowing strong
PLS/WSNC hydrogen bonding at the interface and the subsequent favourable reinforcing effect as

also observed by DMA.

5.3.3. Barrier properties

The barrier properties of PLS based nanocomposites reinforced with polysaccharide NCs
were analysed by WVP and OP measurements. Obtained results are collected in Table 5.1. The
interest in the development of nanocomposites responds to the hypothesis that nanometric particles
incorporated into the polymeric matrix would generate a tortuous path against vapour or gas and,
consequently, the diffusive component of the permeability would decrease. However, besides the
diffusion, barrier properties of polymers depend on the solubility coefficient which is associated
with the polymer/plasticiser/NC/gas interactions [2-5]. Platelet-like WSNC are supposed to have
good attributes in the improvement of barrier properties but, according to WVP, due to their
hydrophilic nature, low crystallinity and possible agglomeration, opposite conclusions have been

reported for their nanocomposites [6].

In our particular investigation, whereas WVP values were not reduced by the addition of
WSNC, OP was significantly decreased for 2.5 and 5 wt.% of WSNC contents. Bertuzzi et al. [7] and
Forssell et al. [8] correlated these results with sorbed water-starch interactions that are closely related
with water transport phenomenon for high amylose maize starch, waxy maize starch and potato

amylose films obtained by solvent casting. These interactions would not be generated with oxygen
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molecules, and that could be why OP values were reduced. As it could be noted, whereas CSg35 and
CSg35 - 1 (100/0) presented similar permeability to O, it was reduced to 1.0 * 0.2 cm’ mm m ™ day™'
atm™ for 5 wt.% of WSNC content, suggesting that the presence of a minimum concentration was
necessary to create an effective tortuous pathway. This significant barrier improvement for higher
WSNC contents suggests that those were effectively dispersed in the PLS matrix and points out the
good efficient interface adhesion between the NCs and the matrix. Thus, permeability results were

in good agreement with results obtained from both DMA and tensile measurements.

Table 5.1 — Barrier properties of obtained PLS nanocomposite films reinforced with WSNC.

Sampl OP
ample (kgm m?s'Pa’)x10®  (cm’ mm m? day’ atm™)
Sg35 6.8 £ 0.6 37101
CSg35 - 1.0 (100/0) 71104 29102
CSg35 - 2.5 (100/0) 51407 16405
CSg35 - 5.0 (100/0) 5.9+ 0.3 10402

5.3.4. Thermogravimetric analysis

TGA measurements were carried out to assess the thermal decomposition of nanocomposites.
TG and DTG curves are shown in Figure 5.3. As observed for PLS films in Section 3.4.7, the
thermal decomposition process for as-prepared nanocomposites proceeds in three main steps [1,9].
The first step (25 — 100 “C) related to the loss of sorbed humidity, the second one (100 — 200 *C)
associated to the decomposition of the glycerol-rich phase and the last one due to the oxidation of

the partially decomposed starch (around 340 °C).
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Figure 5.3 — a) TG and b) DTG curves of obtained PLS nanocomposite films reinforced with WSNC.

As observed, the thermal behaviour of the starch-based materials was influenced by the

addition of WSNC. The thermal properties of polysaccharide NC are governed by their origin, the

reaction conditions and the type of the surface modification [10]. Besides, it has been widely

reported by other authors [11-13], that when polysaccharides are subjected to hydrolysis with

sulfuric acid, sulphate groups are grafted to the surface of the resulting NC, leading to the decrease

of their thermal stability. However, in our case the opposite effect was observed. Indeed, comparing
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the thermal stability of the nanocomposites with that of the unfilled matrix, it was noticed that it was
enhanced in all cases, which may be due to a good affinity between starch chains and NC in
agreement with DMA results. It was appreciated that just the addition of a 1 wt.% of WSNC leaded
to an improvement of the thermal stability. Focusing on the DTG curves the displacement of the
main degradation temperature was noticeable and the appearance of a small shoulder was also
appreciable. As mentioned in Chapter 4, the sulphate groups incorporated in the surface of WSNC
after the hydrolysis could catalyse the main degradations step, which could be the reason for the

apparition of the new shoulder that increased increasing the WSNC content.

It was concluded that the addition of polysaccharides increased the thermal stability compared
with that of the unfilled matrix. At the same time, the final char percentage increased with the

nanoreinforcement content which could be also related to the sulphate groups in the surface of the

NCs.

5.4. COMBINATION OF POLYSACCHARIDE NANOCRYSTALS ON THE

PROPERTIES OF PLS FILMS

The influence of the type of the NCs was analysed when WSNC and CNC were combined
together in PLS matrix. 1 wt.% composition was chosen in order to better analysing any synergistic
effect resulting from the simultaneous action of both NCs. This assumption lays on the fact that the
platelet shape of WSNC would enhance barrier properties improvement [14], whereas rod-like high
crystalline CNC would contribute in a higher extent to the mechanical reinforcement as they present
higher crystallinity and aspect ratio. In this section nanocomposites were obtained by solvent casting

technique.

5.4.1. Dynamic mechanical analysis

The influence of using together WSNC and CNC in the viscoelastic behaviour of

nanocomposites was studied by DMA. Results are shown in Figure 5.4.
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Figure 5.4 — Evolution of E’/F’, and tan 8 with temperature of obtained PLS nanocomposite films
reinforced combining WSNC and CNC.

Nanocomposites reinforced with WSNC and CNC showed the same viscoelastic pattern in
comparison with films reinforced only with WSNC (Section 5.3.1). Indeed, almost identical DMA
curves were obtained with the characteristic two-step modulus drop related to the two different
phases. The addition of polysaccharide NCs resulted in higher relaxation temperature values of both
phases whatever the NCs origin was. This effect could be ascribed to the fact that both WSNC and
CNC interacted strongly with starch. However, higher shift was observed for nanocomposites
containing WSNC. Regarding the E’/E’,, higher values were also obtained for nanocomposite
containing WSNC. These results confirmed the interaction of NCs with starch domains and the

formation of an effective reinforcing network, especially with WSNC.

5.4.2. Mechanical properties

Mechanical behaviour of nanocomposites was evaluated by means of tensile tests. The

obtained results are shown in Figure 5.5.
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Figure 5.5 — Mechanical properties of B CSg35, @ CSg35 - 1 (100/0), @ CSg35 - 1 (50/50) and m CSg35 - 1
(0/100).
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Some remarkable changes were detected when WSNC or CNC were added into the matrix.
Firstly, higher values of Young’s modulus were obtained for CNC filled nanocomposites at the same
weight content. This finding agrees with the fact that higher stiffness was likely to be achieved by
using higher crystallinity and aspect ratio rod-like NCs [15,16]. The opposite effect was detected for
strain at break, as it was reduced in a larger extent. It is worth noting that the Young’s modulus was
considerably improved up to 12.0 MPa for the CSg35 - 1 (50/50) system, i.e. the one where WSNC
and CNC were combined. Wang et al. [16] obtained similar results using waterborne polyurethane as
matrix and nanoreinforced with starch and cellulose nanocrystals simultaneously. As they explained,
the combination of both nanometric reinforcements would lead to a much jammed hydrogen

bonding network between nanofiller and the matrix also in agreement with DMA results.

5.4.3. Barrier properties

The barrier properties of PLS nanocomposites reinforced with WSNC and/or CNC were
analysed by WVP and OP measurements. Table 5.2 summarised the results of WVP and OP
obtained for the nanocomposites containing WSNC and/or CNC. It is accepted that large
nanoparticle aspect ratios are required to reduce the gas permeability by an appreciable degree [14].
However, attending to our results, it could be concluded that the incorporation of CNC to the
nanocomposite did not improve the barrier properties. A comparable tendency was obtained by
Garcia et al. [9] for nanocomposites prepared based on a waxy maize starch matrix gelatinized with a
similar glycerol content and reinforced with WSNC. On one hand, WVP seemed to be again
governed by the strong chemical affinity of the material with water gaseous molecules. On the other
hand, the higher aspect ratio and crystallinity of CNC did not reduce the OP values with only slight
decrease for CSg35-1 (0/100), revealing that in the studied polysaccharide-based films, batrier
properties improvement was more correlated to the nanofiller content than to the geometrical shape

of the NC. Although the WVP and OP tend to decrease due to the addition of NC, the obtained
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results are similar for all nanocomposite and may be due to the employed high plasticiser content,

which as explained in Section 3.5.6 is a decisive factor in barrier properties.

Table 5.2 — Barrier properties of obtained PLS nanocomposite films reinforced combining WSNC and CNC.

Sample VZVYP 1 13 3 OZP 1 1

(kg mm™s” Pa”) x10 (cm” mm m™ day™ atm™)
CSg35 0.8 £0.6 3.7x0.1
CSg35 -1 (100/0) 71£04 29%0.2
CSg35 -1 (50/50) 6.1£0.2 281 0.2
CSg35 -1 (0/100) 65%0.3 25%0.1

5.4.4. Atomic force microscopy

AFM was used for the morphological characterisation of the cryofractured surfaces of the

nanocomposite samples (Figure 5.6).

Figure 5.6 — AFM height images of CSg35 -1 (100/0), CSg35 - 1 (50/50) and CSg35 - 1 (0/100). The white
square indicates the magnified area shown in the right image.
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In case of the CSg35-1 (100/0) sample, WSNC wete obsetved as ill-defined nanopatticles due
to their extremely reduced dimensions. However, focusing on the amplified image it was possible to
observe the nanofillers individually and it could be concluded that NCs were correctly dispersed, in

good agreement with the conclusions extracted previously.

5.5. EFFECT OF WAXY MAIZE STARCH NANOCRYSTALS CONTENT ON
THE PROPERTIES OF TPS FILMS

Extruded starch-based nanocomposites were developed using glycerol and adding different
amounts of WSNC (1, 2.5 and 5 wt.%). The nanocomposites were characterised evaluating the

effect of WSNC content in the thermal stability, mechanical and barrier properties and morphology.

5.5.1. Dynamic mechanical analysis

The viscoelastic behaviour of TPS nanocomposites was analysed by DMA. In order to analyse

the effect of the processing method both matrixes were represented together (Figure 5.7).

1.0
- - - - CSg35

—ESg35 |
408

0.6

E'/E'
tan d

0.4
0.01}
0.2

-100 -80 -60 -40 -20 0
Temperature (°C)

Figure 5.7 — Evolution of E’/E’, and tan 6 with temperature of obtained CSg35 and ESg35 films.
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It was observed that when the film is prepated by extrusion/compression technique,
relaxation temperatures of both phases shifted to higher values, mainly the one correlated to the
glycerol-rich phase. This could be as a result of the shear forces and the high processing

temperatures employed during the extrusion and compression steps leading to strong interactions.

DMA results of the TPS reinforced with WSNC are shown in Figure 5.8. The most
remarkable finding was the shift of the onset of T, to higher values, especially in the case of 5 wt.%
content indicating the proper integration of WSNC in the matrix and effective PLS/WSNC
interactions. Indeed, it could be suggested that the WSNC were affecting preferably the mobility of
the starch-rich phase, revealing enough hydrogen bonding interactions between the WSNC and
amylose/amylopectin chains. However, it is worth noting that the intensity of the maximum of tan &
of glycerol-rich phase decreased with increasing amount the of WSNC, specially upon the addition
of 5 wt.% content, indicating a decrease of the relaxed glycerol molecules during the transition.
Although the reported literature with WSNC is scarce, the behaviour of the two main relaxations of

the glycerol plasticised TPS is in agreement with that reported by Angellier et al. [17].

1.0
——— ESg35
1 ——— ESg35 - 1 (100/0)
F ———ESg35-2.5(100/0) | g g
——— ESg35 - 5 (100/0)
0.6
. o1 o
= g
0.4
001}
0.2
1E-3 - L - ' - L - ' - 0.0

-100 -80 -60 -40 -20 0

Temperature (°C)

Figure 5.8 — Evolution of E’/E’, and tan 8 with temperature of obtained TPS nanocomposite films
reinforced with WSNC.
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5.5.2. Mechanical properties

The reinforcing effect of WSNC into the TPS was evaluated by tensile test tests (Figure 5.9).
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The Young’s modulus of all nanocomposites reinforced with WSNC increased as the
nanofiller content increased. In addition, the nanocomposites presented significantly higher
clongation at break values comparing to the unfilled TPS. This improvement demonstrated the
suitability of extrusion/compression to reach a good integration and a good affinity between the
matrix and the nanoreinforcement, expected due to their identical chemical structure, thus revealing
strong interfacial interactions that resulted in the effective transmission of mechanical stress. It is
worth noting that even though upon the addition of 1 wt.% of WSNC the strain at break value
slightly trended to decrease, whereas the tensile strength value continued increasing. Thus, it could
be concluded that the presence of WSNC up to the used 5 wt.% provided a significant enhancement

of the area under the curves, improving the toughness of the films.

It should be mentioned that comparing the results of films obtained by
extrusion/compression with their analogues obtained by solvent casting (presented in Section 5.3.3),
considerably higher Young’s modulus, tensile strength and strain at break values were obtained for

those extruded films, indicating the good integration of the nanoreinforcement.

5.5.3. Barrier properties

The barrier properties of nanocomposites reinforced with WSNC were evaluated by WVTR
and OTR measurements. As it was seen for PLS films, the WVP was not strongly influenced by the
addition of WSNC. Similar WVP values were obtained for all nanocomposites, around 12.5 x 10"
kg m m™ s' Pa’. This fact suggested that WVP was mostly dependent on the strong starch/water
interactions. Besides, as explained for solvent casting results, the high plasticiser content used could

be also affecting the barrier properties.

Regarding the OP results, it was expected that the increase of WSNC content could led to the
decrease of the OP values, due to the capacity of these platelet-like NCs to generate a tortuous path

for the O, molecules, decreasing the diffusivity, as long as a good dispersion of the nanofiller and
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appropriate nanofiller/matrix interface were achieved. In this sense, the OP of the TPS with the
highest WSNC content was evaluated. A reduction of around 80% in the OP value was seen for the
TPS nanocomposite containing 5 wt.% of WSNC, from (10.9 + 3.9) to (2.0 + 0.3) cm® mm m™ day™
atm™ for ESg35 and ESg35 — 5 (100/0), respectively. In addition, by comparing the WVP and OP
results obtained by the two processing methods, the extruded and compressed films presented

higher permeability values.

5.5.4. Thermogravimetric analysis

The thermal stability of TPS nanocomposites was also studied by TGA and the obtained TG

and DTG curves are presented in Figure 5.10.

The thermal degradation process of all nanocomposites followed the same pattern than the
TPS matrix plasticised with glycerol and PLS nacocomposite films. It is worth noting that the
appearance of the shoulder was also observed for extruded samples. In this case, the main transition
was not shifted and thus the shoulder was not so appreciable. In addition, no further enhancement
was achieved for ESg35 - 2.5 (100/0) and ESg35 - 5.0 (100/0) samples. Thus, it was demonstrated

that despite using higher contents than 1 wt.% of WSNC, the thermal stability remained constant.
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Figure 5.10 — a) TG and b) DTG curves of obtained TPS nanocomposite films reinforced with WSNC.

5.6. COMBINATION OF POLYSACCHARIDE NANOCRYSTALS ON THE
PROPERTIES OF TPS FILMS

The effect of 1 wt.% of reinforcement combining WSNC and CNC in different proportions

was also evaluated. TPS films were processed following the previous gelatinisation-lyophilisation-

extrusion-compression methodology and resulting films were characterised in terms of thermal,

mechanical and barrier properties.
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5.6.1. Dynamic mechanical analysis

The viscoelastic response of TPS films reinforced by combining both NCs was evaluated by
DMA. The obtained E’/E, and tan  curves against temperature are presented in Figure 5.11. In a
similar way that observed for the viscoelastic properties of TPS reinforced with WSNC (Section
5.5.1), the glycerol chains that relaxed during the first transition decreased as CNC were
incorporated, resulting in a slight decrease of the intensity of the maximum of the tan 8. Regarding
the effect of NCs type, a shift to higher temperatures of T.1 was observed for nanocomposites
reinforced with CNC, which could be attributed to the mobility restrictions imposed by high aspect
ratio NCs. Concerning the relaxation of the starch-rich phase, although a shift of the respect to the
infilled matrix was observed for T, similar values were measured in all samples reinforced with 1
wt.% WSNC/CNC, being not dependent on the type of nanoreinforcement. Regarding E’/E’,
similar values were obtained for nanocomposites, independent on the NCs type, but higher than the

unfilled matrix, corroborating the reinforcing effect of NCs.
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— ESg35 - 1 (0/100)
0.6
s 0.1 o
> &
0.4
0.01 ¢
0.2
1E-3 - ' . . . : . ' . 0.0

-100 -80 -60 -40 -20 0

Temperature (°C)

Figure 5.11 — Evolution of E’/E’, and tan 8 with temperature of obtained TPS nanocomposite films
reinforced combining WSNC and CNC and obtained by extrusion/compression.
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The incorporation of CNCs into the TPS matrix resulted in higher Young’s modulus and
maximum strength values. In fact, when CNC were used as nanoreinforcement, the Young’s
modulus increased from 17.8 £ 3.6 MPa for ESg35 — 1 (100/0) up to 32.6 £ 7.8 MPa for ESg35 — 1
(0/100) and the tensile strength increased from 1.8 + 0.2 MPa up to 2.4 £ 0.1 MPa. Indeed, as
shown in Figure 5.12, the values obtained for the film nanoreinforced with only 1 wt.% of CNC
were similar to those obtained when adding 5 wt.% of WSNC. This would be related to the high
crystallinity degree of CNC which was demonstrated to be near 80%, significantly higher than that
for WSNC (close to 20%) (Section 4.3.1). Besides, the rod-like geometry and the high aspect ratio of
CNC facilitated the interactions with the matrix and the effective improvement of the mechanical

properties.

5.6.3. Barrier properties

The barrier properties of the prepared TPS nanocomposite containing WSNC and CNC were
gravimetrically studied by OTR measurements. As discussed previously, the addition of
polysaccharide NCs did not improved the WVP, since it is manly governed by starch/water

interactions.

On the contrary, when focusing in the OP properties, it was observed that the permeability
value decreased due to the incorporation of CNC into the TPS matrix. OP values of 7.1 £ 0.6 cm’
mm m~ day"' atm” was measured for the ESg35 — 1 (0/100) sample. However, as hypothesised, the
WSNC showed greater effectiveness in the decrease of the permeability against O, molecules due to
their platelet-shape morphology. Furthermore, it should be pointed that adding 1 wt.% of WSNC,
the OP value decreased up to 4.4 + 1.0 cm’ mm m” day' atm’, evidencing the importance of
nanoreinforcement morphology. Besides, it should be mentioned that lower OP values were

achieved for samples obtained by solvent casting, especially for PLS films containing 1 wt.% of

CNC.
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5.7. CONCLUSIONS

Starch-based nanocomposite films were successfully obtained by adding WSNC in different
amounts and by using together WSNC and CNC as nanoreinforcements. Both solvent casting and

extrusion/compression techniques were satisfactorily employed in a feasible way.

Regarding the nanocomposites obtained by solvent casting, it was demonstrated that the
addition of NCs increased the thermal stability of all samples. The mechanical properties of the
nanocomposites reinforced with WSNC were clearly higher than those of the unfilled matrix.
Besides, it was demonstrated that the mechanical properties were also remarkably enhanced with the
addition of CNC, due to the reinforcement ability of CNC. Regarding the barrier properties, similar
WVP values were obtained for all nanocomposites, suggesting that WVP is more influenced by
starch/plasticiser/water interactions than by nanofiller type and content. However, the OP values
decreased after the addition of both WSNC and CNC, revealing the strong dependency on the NC
morphology. The DMA results showed that the addition of WSNCs resulted in stronger affinity
between the matrix and the nanofiller, according to the enhancement achieved for the mechanical

properties.

Similarly, when nanocomposites were obtained by extrusion/compression, the mechanical
properties were remarkably enhanced due to the addition of NCs, especially with the incorporation
for highly crystalline fibrillar CNC even at low contents. The DMA results showed that in the case
of extruded and compressed films, the phase that was more affected by the NCs was the starch-rich
phase, especially for high WSNC contents. Overall, it could be concluded that the PLS films

presented better barrier properties, while the TPS films showed enhanced mechanical behaviour.
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6. NANOCOMPOSITE FILMS BASED ON MAIZE STARCH AND
CARBONACEUS NANOPARTICLES

6.1. OBJECTIVE

The aim of this chapter was the development of PLS nanocomposite films plasticised with
glycerol and reinforced using carbonaceous nanoparticles, i.e. graphene (G) and graphene oxide
(GO). In this case, nanocomposites were prepared by solvent casting procedure. On one hand, the
influence of adding different G contents into the PLS matrix was analysed. In order to improve the
stability of G nanoflakes in the aqueous gelatinization media, Salvia extracts were added as natural

surfactants.

On the other hand, GO was also incorporated as nanofiller to prepare PLS nanocomposites.
Thus, the effect of increasing the GO content in the final behaviour of the PLS nanocomposites was
evaluated. Besides, the resulting nanocomposites were reduced with ascorbic acid in order to

enhance its electrical properties.

All the obtained PLS nanocomposites were characterised in terms of chemical and crystalline
structures, optical and surface properties as well as thermal stability and mechanical behaviour.

Besides, the electrical conductivity was evaluated.

6.2. OBTAINMENT OF STARCH/CARBONACEUS NANOPARTICLES-
BASED FILMS

6.2.1. Obtainment of Salvia extracts

The preparation of Salvia extracts was carried out by infusion method according to the
protocol described by Santamaria-Echart et al. [1]. Briefly, 20g of Salvia officinalis 1.. were boiled with

800 ml of distilled water for 5 min. After that, the obtained suspension was filtered and freeze-dried.
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6.2.2. Preparation of nanocomposite films based on PLS and carbonaceous

nanoparticles

The nanocomposites containing carbonaceous nanoparticles were prepared by solvent casting
following the procedure described in Section 3.2.1 with slight modifications. 3.58 g of normal maize
starch and 1.93 g of glycerol were mixed with 55 mL of distilled water. Besides, the desired amount
of carbonaceous nanoparticles previously dispersed was also incorporated and all the mixture was
gelatinized at 90 “C with continuous stirring until viscosity increased (about 30 min). The resulting
viscous gel was homogenised using a dispersing system (POLYTRON® PT 2500 E) during 3 min at

15,000 rpm. Finally, the material was spread into glass petri and dried at 45 °C for 3.5 h.

Both G and GO were dispersed by ultrasonication using a concentration of 5 mg of
carbonaceous nanoparticle mL" of distilled water. For the dispersion of G nanoflakes 2.5 mg of

Salvia extracts mL" distilled water were added as stabiliser.

Samples were called as CSg35 plus the carbonaceous nanoparticle content, indicating GE or

GO if G and extracts or GO was used (CSg35 - wt.% GE or CSg35 - wt.% GO).

A glycerol content of 35 wt.% was used for all samples, i.e. relative to the starch plus
plasticiser mixture weight. The nanofiller and Salvia extract contents were relative to the starch plus

glycerol weight. All the samples were stored at 43% RH for two weeks before characterisation.

6.2.3. Reduction of graphene oxide

The reduced graphene oxide (rGO) was obtained using ascorbic acid as reduction agent. Thus,
the nanocomposites containing GO (obtained in Section 6.2.2) were submerged in a solution of 30 g
of ascorbic acid L' of distilled H,O at 95 °C for 2 h. After that, in order to remove the excess of

ascorbic acid, the films were washed several times with distilled water. Finally, the films were dried at
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room temperature for 24 h. Samples were named as CSg35 plus the rGO content tGO (CSg35 -

wt.% tGO).

All the samples were stored at 43% relative humidity (RH) with a K,COs saturated solution

for two weeks before characterisation.

6.3. EFFECT OF GRAPHENE CONTENT ON THE PROPERTIES OF PLS
NANOCOMPOSITE FILMS

PLS nanocomposite films were obtained adding G nanoflakes into the starch-based matrix
gelatinised with glycerol. In order to improve the poor dispersibility of G in water, natural Salvia
extracts were used as dispersion stabiliser since they present high content of polyphenolic groups. It
was expected that the final properties of the material would be dependent of the G and extract

content. Thus, the nanocomposites were prepared using different G and Salvia extracts contents (1,

2.5 and 5 wt.%).

6.3.1. Fourier transform infrared spectroscopy

FTIR measurements were carried out to analyse the chemical structure of PLS films and
obtained nanocomposites reinforced with G nanoflakes. The obtained FTIR spectra of Salvia

extracts, PLS films and the resulting nanocomposites are shown in Figure 6.1.

As observed in the spectra, the unfilled PLS matrix showed the stretching band of hydrogen
bonded -OH groups at 3280 cm™, whereas the -OH bending appeared at 1650 cm™ [2,3]. The C-H
stretching band related to methylene (-CHy) groups was centred at 2927 cm™ [2,3]. In addition, in the
fingerprint region of starch the following peaks were observed: the stretching vibration band of C-O
bonds of the C-O-H groups at 1150 cm™ and the stretching vibration bands of C-O in C-O-C

groups located at 1077 cm™ and 997 cm™ [4].
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Regarding the reinforced nanocomposite films, only slight differences could be observed. As it
could be noticed the addition of G and Salvia extracts resulted in the widening and shifting to lower
wavenumber value of the band associated with -OH bending. This effect could be related to the
contribution of hydrophilic Salvia extracts that showed an intense band related with -OH bending
asctibed to moisture. In addition, the small peak that appeared at 1575 cm™ would be related to the

double bonds (C=C) of the phenolic groups from Salvia [5] and aromatic structure of G ring [6].
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Figure 6.1 - FTIR spectra of Salvia extracts and PLS nanocomposite films reinforced with G in the range of
a) 4000 — 600 cm! and b) a magnification in the range of 2000 — 600 cm-..
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6.3.2. X-ray diffraction

XRD measurements were carried out in order to analyse the crystalline structure of the
nanocomposites. Figure 6.2 presents the XRD pattern of unfilled PLS matrix and the

nanocomposites obtained with G nanoflakes.

As it could be appreciated, the A-type polymorphism pattern of the native normal maize
starch was replaced by a typical broad peak close to 20 = 19.8” in the case of the amorphous PLS
matrix. However, in all nanocomposites a new peak associated with G was observed at 20 = 26.5°

related to the (002) plane of the hexagonal structure of pure graphite. As expected, the intensity of
the mentioned new peak increased as the G content increased, indicating that the crystalline

structure of G was not affected by the gelatinisation and drying procedures.

CSg35

CSg35 - 1GE

CSg35 - 2.5GE

CSg35 - 5GE

5 10 15 20 25 30 35 40
Reflection angle 20 (°)

Figure 6.2 — XRD patterns of PLS nanocomposite films reinforced with G.

6.3.3. Optical properties

The optical properties of prepared nanocomposites were analysed in terms of light

transmittance and surface colour, which are decisive factor from a commercial point of view in
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packaging applications and consumer acceptance [7-9]. The transmittance value of each sample was
measured by UV-vis spectroscopy in the visible spectrum range 400 - 700 nm whereas the colour

was analysed using a spectrophotometer. Results are shown in Figure 6.3 and Table 6.1.

As demonstrated by the results, the addition of G led to a drastic reduction of the
transparency of the material. The unfilled PLS matrix presented 36.9% of transmittance in the
visible scan range and just the incorporation of the 1 wt.% of G resulted in the decreased of the
transmittance value to 0%, leading to total opaque films. Only the pattern of CSg35 - 1GE is shown

because the curves of the other samples were superimposed.

The colour of the films was evaluated according to CIELAB colour parameters (L', a’, b").
Besides, the colour difference parameter (AE) was calculated by Equation 2.3. As it could be
observed, the lightness (I.") decreased remarkably for all nanocomposites compared with that of the
unfilled matrix due to the incorporation of dark nanoparticles. In addition, the chromaticity
parameters (2 and b") were also affected by the incorporation of G nanoflakes: a” increased upon
the addition of 1 wt.% of G but decreased for higher contents and b" became more negative with
increasing G content. Thus, indicating that increasing the G content, films become specifically more
greenness and more blueness, respectively. As expected, all nanocomposites presented significantly

higher AE values (around AE = 70) compared with that of the unfilled matrix (AE = 23.72),

evidencing the colour difference between the matrix and the nanocomposites.
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Figure 6.3 — UV-vis transmittance measurements of PLS nanocomposite film reinforced with 1 wt.% of G.

Table 6.1 — Transmittance values and colour parameters of PLS nanocomposite films reinforced with G.

Sample Trans(r;/loi)ttance L' 2t b* AE
CSg35 36.9 69.24 £ 0.50 -1.40 £0.04 3.00 £0.04 23.72+0.50
CSg35 - 1IGE 0.0 18.17 £ 0.15 -0.06 £ 0.01 -0.53 + 0.01 74.67 £ 0.15
CSg35 - 2.5GE 0.0 20.60 £ 0.76  -0.30 £ 0.01 -1.32£0.01 72.24 +0.76
CSg35 - 5GE 0.0 23.08 £ 0.14 -035£0.03 -1.54+0.16 69.77 + 0.14

6.3.4. Surface properties

Contact angle measurements were carried out in order to characterise the surface properties
and the hydrophobicity of the nanocomposite films. Figure 6.4 shows the contact angle

measurements of PLS films and G and extracts containing nanocomposites.

As it could be observed in Figure 6.4, the unfilled PLS matrix showed low contact value
(24.6°) due to the high hydrophilic character of starch [10]. However, upon the addition of the 1

wt.% of G, the contact angle increased to 37.2°. The incorporation of higher content of G resulted
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in a slight decrease of the contact angle values. Although it could be expected that the addition of G
could decrease the wettability due to its hydrophobic character (as observed by FTIR), the presence
of hydroxyl groups in the Salvia extracts used to disperse and stabilise the hydrophobic G in the

starch matrix, contributed to reduce slightly the effect of G.

24.6+0.3 37.2+19 35.1+4.8 356+2.8
. .. . A
0% 1GE% 2. 5GE% S5GE%

Figure 6.4 — Contact angle measurements of PLS nanocomposite films reinforced with G.

6.3.5. Dynamic mechanical analysis

The viscoelastic behaviour of PLS nanocomposites reinforced with G was studied by DMA

analysis. The evolution of E’/E’, and tan 0 with temperature are shown in Figure 6.5.

As it could be observed, all nanocomposites presented the same viscoelastic pattern of the
unfilled matrix. In the case of T.i the relaxation temperature was not influenced by the incorporation
of G and Salvia extracts and remains almost constant for high nanofiller contents. It was also
observed that T, temperature depends on the G and Salvia extracts content. Lower T., values were
obtained for CSg35 — 1GE, whereas the value increased for CSg35 — 5GE samples. This fact
suggested that G and Salvia extracts influenced the relaxation of starch-rich phase, being the
plasticising effect of Salvia more remarkable at low G contents. However, as G content increased
the reinforcing effect is more important over plasticising effect and thus T., tended to higher values.
In addition, the incorporation of G nanoflakes and Salvia extracts led to a decrease of E’/E’, for low

contents, but also increased as G content increased behaving as reinforcing agent.
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Figure 6.5 — Evolution of E’/E’, and tan 6 with temperature of PLS nanocomposite films reinforced with G.

6.3.6. Tensile tests

The mechanical behaviour of nanocomposites reinforced with G was analysed by means of

tensile tests. The obtained results are presented in Figure 6.6.

Results demonstrated that the addition of G nanoflakes resulted in higher Young’s modulus
that was moderately increased for 1 and 2.5 wt.% of G and increased remarkably for a 5 wt.% of G,
achieving a value of 30.6 MPa for the higher G content. Regarding the strength behaviour, similar
trend was observed, with a remarkable increase for the sample containing a 5 wt.% of G. In
contrast, it should be noted that similar elongation at break values were obtained for all
nanocomposites. The elongation decreased upon the addition of 1 wt.% of G but remains constant
for higher nanofiller contents. Thus, it was concluded that increasing the G content the stiffness and
the strength of the material was progressively improved, while the flexibility was almost not reduced.
These results suggested that Salvia is acting as additional plasticiser and G as reinforcing agent and

both effects are balanced.

-149-



Chapter 6

40

35—-
30—-
25 ]
2

154

Young's modulus (MPa)

104

Tensile strength (MPa)

0
70

60

50
40

304

Strain at break (%)

20+

104

04

Figure 6.6 — Mechanical properties of B CSg35, @ CSg35 - 1GE, @ CSg35 - 2.5GE and B CS¢35 - 5GE.
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6.3.7. Electrical properties

It was hypothesised that electrically conductive nanocomposite films could be developed by
the incorporation of conductive nanoparticles as G into polymeric matrices. Thus, in order to
analyse the electrical response of PLS nanocomposites prepared with G, electrical conductivity
measurements by two-probe technique from 0 to 5 V were performed. Results are shown in Figure

6.7.

As it could be observed, the electrical conductivity of the nanocomposites increased while
increasing the G content comparing with the non-conductive PLS matrix. However, it should be
noted that the obtained electrical conductivity values were not as high as it would be desirable. This
little improvement could be related with the presence of Salvia extracts observed by TEM images

(Section 4.4.4), that hindered the formation of an effective conductive network in the PLS film.

6.0x10°

4.0x10°

2.0x10°

Electrical conductivity (S/m)

0.0 . L . L .
0 2 4 6

Graphene content (wt.%)

Figure 6.7 — Electrical conductivity against G content curves of PLS nanocomposite films reinforced with G.
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6.3.8. Thermogravimetric analysis

TGA measurements were carried out to analyse the thermal decomposition of

nanocomposites containing G nanoflakes and Salvia extracts. TG and DTG curves are shown in

Figure 6.8.
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Figure 6.8 —a) TG and b) DTG curves of PLS nanocomposite films reinforced with G.

As observed in the thermograms some remarkable differences were achieved due to the

incorporation of G as nanofiller and Salvia extracts as stabilisers. On the one hand, the mass loss
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related normally to the degradation of the glycerol-rich phase appeared altered and the contribution
of the decomposition of the Salvia extracts was noticeable as their degradation ranges concurred.
Besides, a significant decrease of the main degradation temperature from 324 °C (unfilled matrix) to
308 °C (ESg35 — 5GE) was noticed due to the addition of Salvia extracts which showed a lower
stability and located in the starch-rich phase. Focusing on the DTG curves the broadening and the
decrease of the intensity of this degradation step could be appreciated along with the mentioned
reduce in the peak temperature. The same effect was observed for the main degradation step,
revealing the influence of the Salvia extracts in the nanocomposite that reduced the overall thermal
stability. In addition, it should be also noted that the residue percentage increased while increasing

the G and Salvia content.

6.4. EFFECT OF GRAPHENE OXIDE CONTENT ON THE PROPERTIES OF
PLS NANOCOMPOSITE FILMS

In this section PLS nanocomposite films were prepared by adding different GO contents (1,
2.5 and 5 wt.%) into the starch-based gelatinised matrix. Compared to G nanoflakes, GO showed
much higher dispersibility in water thus facilitating the preparation of homogeneous films. Besides,
the introduction of oxidised new functional groups would lead to better compatibility with the
matrix since strong nanofiller/matrix interactions could be formed. However, it was expected that
the resulting nanocomposites would not present electrical conductivity, as GO in not electrically

conductot.

6.4.1. Fourier transform infrared spectroscopy

The differences in the chemical structure of PLS and resulting nanocomposites reinforced
with GO were investigated by FTIR measurements. Figure 6.9 presented the obtained FTIR spectra

of PLS and nanocomposites films.
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Figure 6.9 — FTIR spectra of PLS nanocomposite films reinforced with GO in the range of a) 4000 — 600 cm!
and b) a magnification in the range of 2000 — 600 cm-.

In a similar way that occurred for PLS nanocomposites reinforced with G nanoflakes, the
FTIR spectra of nanocomposites prepared adding GO showed some differences compared with the
PLS unfilled matrix. As stated by other authors, after the incorporation of GO the bands at 1650
cm™, 1150 cm™ and 1077 ecm™ shifted to lower wavenumber values due to the formation of H-bonds
between starch chains and GO [2]. In addition, the typical bands associated to the stretching

vibrations of the C-O linkages in starch changes notably while increasing the GO content and, thus,
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increasing the presence of new C-O linkages introduced with the oxidised nanofiller [11]. Finally, the
appearance of a new peak related to GO and located near 1740 cm™, mainly observable in the 5
wt.% GO containing nanocomposite, is largely attributable to the presence of carbonyl new groups
introduced in the oxidised G. Besides, a peak at 1500 cm™ associated with C=C in aromatic structure

[6] also observed in nanocomposites containing G.

6.4.2. X-ray diffraction

The crystalline structure of nanocomposites reinforced with GO was analysed by XRD. The

resulting XRD patterns are shown in the Figure 6.10. All nanocomposites presented two new peaks
associated with the presence of GO namely at 20 = 9.6° and 20 = 26.5° that were more intense as

the nanofiller content increased. As described in Section 4.4.2, these signals are related to the (002)
plane of GO and to the residual pure graphitic structure, respectively. However, it should be noted

that in the case of nanocomposites the signal related to the (002) plane appeared shifted to lower
values, ie. from 20 = 11.2° for the neat GO to 20 = 9.6°, indicating that the interlayer separation
between GO nanoflakes increased from 7.9 A for neat GO up to 9.2 A due to their incorporation

into the PLS matrix and revealing effective interactions between starch chains and GO layers.

Intensity (a.u.)

CSg35 - 2.

Reflection angle 20 (°)
Figure 6.10 — XRD patterns of PLS nanocomposite films reinforced with GO.
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6.4.3. Optical properties

UV-vis spectroscopy measurements were performed to analyse the transmittance of the films,
whereas the colour of the films was studied using a spectrophotometer. Figure 6.11 and Table 6.2

resumed the obtained transmittance values and colour parameter results.

The transmittance values of PLS nanocomposites was influenced by the GO content as
expected. As it could be noticed, the transparency of nanocomposites decreased progressively due to
the incorporation of the nanofiller. As shown in Table 6.2, when nanocomposites were prepared
adding a 1 wt.% of GO, the transmittance value decreased from 36.9% for the unfilled matrix to
8.7% (ESg35 - 1GO). The incorporation of 2.5 and 5 wt.% of GO led to transmittance values of
1.5% and 0.1%, subsequently. As shown in section 6.3.3., when PLS films were reinforced with G
the transmittance decreased to 0% for all reinforcement contents. In contrast, for GO containing
nanocomposites the opacity decreased progressively with the reinforcement content, suggesting that
better dispersion degree of the nanofiller was achieved for GO. As explained by Mahmoudi et al.
[12] the transmittance of G materials is influenced by the number of layers, being higher the
absorption of multilayer and stacked GO than that for monolayer GO. Hence, according to the
literature these results along with those presented in Section 4.4 would be indicating that in our case

the oxidation process led to multilayer GO.

L', a" and b" as well as AE was determined in order to evaluate changes in the surface colour of
the nanocomposites. As observed in Table 6.2 the L." parameter decreased with the GO content
because of the dark colour of GO, meaning that the lightness decreased. Besides, the two
chromaticity parameters a~ and b’ increased for the lower GO content but decreased while
increasing the nanofiller content, indicating that after the addition of GO the films became more
redness and yellowness, in opposite to greenness and blueness of G. These results agrees with the

brownish and black colour found in literature for GO and G, respectively [13] and also with those
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conclusions published previously for chitosan films reinforced with GO [8]. In addition, it should be
noted that as expected, higher AE values were obtained as the nanofiller contents was increased due

to the dark brown colour of GO [14] and in agreement with the colour difference respect to the

mattix.
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Figure 6.11 — UV-vis transmittance measurements of PLS nanocomposite films reinforced with GO.

Table 6.2 — Transmittance values and colour parameters of PLS nanocomposite films reinforced with GO.

Transmittance %

Sample (%) L’ a b* AE
CSg35 36.9 09.24 £0.50 -1.40%0.04 3.00%0.04 23.72 % 0.50
CSg35 - 1GO 8.7 40.74 £ 1.56 430+ 0.33 19.76 £ 042 55.82 £ 1.36
CSg35 - 2.5GO 1.5 19.09 £0.16 1.62£0.20 7.04£200 7411 *0.34
CSg35 - 5GO 0.1 19.88 £ 0.34 0.39 £0.04 297*028 73.01 £0.35
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6.4.4. Surface properties

The wettability and surface properties of the nanocomposites reinforced with GO were also
determined by contact angle analysis using ethylene glycol. The obtained measurements are

presented in Figure 6.12.

In contrast with the results obtained for nanocomposites reinforced with G and Salvia
extracts, the addition of GO did not affect the hydrophobicity of the films. Indeed, the
nanocomposites showed contact angle values ranged from 21.4° to 23.4°, which were very close to
that measured for the unfilled matrix. These results are in agreement with those reported by Grande
et al. [8] that concluded that the wettability of the nanocomposites did not decrease after the

incorporation of the GO.

24.6+0.3 21.4+4.9 21.4+1.4 234138
nll .. .. ...
0% 1G0% 2.5G0% 5G0%

Figure 6.12 — Contact angle measurements of PLS nanocomposite films reinforced with GO.

6.4.5. Dynamic mechanical analysis

The influence of the GO content in the viscoelastic behaviour of PLS nanocomposite films

was analysed by DMA measurements. Figure 6.13 presented the evolution of E’/E’, and tan 6 with

temp erature.

As noticed in Figure 6.13, T, remained constant after the incorporation of GO, however T.»
shifted to higher temperatures for CSg35 — 1GO and CSg35 — 2.5GO and widens for CSg35 —
5GO. It means that GO at 1 and 2.5 wt.% reduced the mobility of starch-rich phase which could be

due to effective hydrogen bonding interactions between the oxygen containing functional groups of
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GO and starch. Both relaxation magnitudes decreased due to the decrease of glycerol molecules and

starch chains relaxed at these transitions.
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Figure 6.13 — Evolution of E’/E’, and tan 8 with temperature of PLS nanocomposite films reinforced with

GO.

6.4.6. Tensile tests

Tensile test measurements were performed to determine the influence of GO content in the

mechanical properties of PL.S nanocomposites. The obtained results are shown in Figure 6.14.

As it could be observed the nanocomposites reinforced with GO presented higher Young’s

modulus and tensile strength values, whereas lower elongation at break values were obtained. As

stated by Li et al. [2], the incorporation of GO improved the strength and the stiffness of starch-

based materials due to the good dispersion of the nanofiller in the matrix and the strong PLS/GO

interactions. Comparing with nanocomposites reinforced with G, it should be mentioned that higher

tensile values were obtained due to the ability of oxygen containing groups of GO to interact with

starch. However, lower elongation at break values were obtained since Salvia extracts could be

beavering as plasticisers in nanocomposites with G.
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Figure 6.14 — Mechanical properties of @ CSg35, @ CSg35 - 1GO, @ CSg35 - 2.5GO and m CSg35 - 5GO.
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6.4.7. Electrical properties

Electrical conductivity measurements of GO containing PLS nanocomposites were carried out
by two-probe technique in a similar way that presented for G containing ones. Attending to the
results, GO reinforced nanocomposites did not show electrical conductivity. As defined by other

authors, the non-capacity of GO to be electrically conductor [4,5,15] is because during the oxidation
reaction the electronic structure of graphite is disrupted due to the destruction of m-conjugation [4].

Thus, the incorporation of GO could not improve the electrical conductivity of the

nanocomposites.

6.4.8. Thermogravimetric analysis

The thermal degradation of nanocomposites reinforced with GO was evaluated by TGA

measurements. TG and DTG cutves are shown in Figure 6.15.

Only slight differences were observed in the thermal degradation of the nanocomposites
comparing with that of the unfilled PLS and discussed above (Section 6.3.8). The main difference
was observed in the range of the glycerol-rich phase decomposition where a significant increase of
the mass loss was detected. As described by other authors [5], the decomposition and pyrolysis
phenomena of the functional groups of GO, which took place around 250 “C (Figure 4.7), provokes
the earlier decomposition of starch. Furthermore, the main degradation step slightly shifted from

324 °C to 320 "C and the residue value increased as increasing the GO content.
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Figure 6.15 — a) TG and b) DTG curves of PLS nanocomposite films reinforced with GO.

6.5. INFLUENCE OF THE REDUCTION OF GRAPHENE OXIDE ON THE
PROPERTIES OF PLASTICISED STARCH NANOCOMPOSITE FILMS

As concluded previously (Section 6.4), the addition of GO resulted in interesting optical and
mechanical properties that could be attributed to strong nanofiller/matrix interactions and the
homogeneous dispersion of GO into the PLS matrix. However, the addition of GO did not

contributed to the electrical conductivity of the films. Therefore, the reduction of GO containing

Temperature (°C)
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nanocomposites was performed using ascorbic acid as reduction agent. As had been reported in
literature [5], the hexagonal lattice could be expected to be restored leading to conductive materials.
However, the GO is not usually completely reduced, and the residual hydroxyl, epoxide, carbonyl

and carboxyl groups that remains intact could continue contributing by rGO/starch interactions [5].

6.5.1. X-ray diffraction

XRD measurements were carried out to demonstrate the success of the employed method to

reduce the GO nanoflakes. The diffractograms of reduced films are presented in Figure 6.16.

As observed for the XRD patterns of reduced nanocomposite the characteristic peak of GO
located at 20 = 9.6° disappeared after the reduction, revealing that the oxygen groups wete
successfully removed [16]. Besides, a broad peak centred around 20 = 19.8° and the peak around 20

= 26.5° associated to the (002) plane of hexagonal structure of pristine graphite [17-19] as it was

detected for the GO containing nanocomposites were detected.

Intesity (a.u.)

CSg35-2.5rGO

CSg35 - 5rGO

5 10 15 20 25 30 35 40

Reflection angle 20 (°)

Figure 6.16 — XRD patterns of PLS nanocomposite films reinforced with tGO.

-1653-



Chapter 6

6.5.2. Surface properties

The chemical reduction with ascorbic acid could eliminate the hydroxyl, epoxide, carbonyl
groups in the structure of GO and reduce the wettability of the nanocomposites. Thus, in order to
analyse the influence of the reduction with ascorbic acid on the surface properties, contact angle

measurements were performed. Obtained results are presented in Figure 6.17.

As it could be noted, the wettability of the PLS films decreased after the reduction reaction,
obtaining higher contact values for reduced nanocomposite materials. The measured contact angle
value was significantly increased from 24.6° for the unfilled matrix to 46.5° for the CSg35 — 5rGO
nanocomposites. Similar results were published by Romani et al. [20] for polyurethane composites
reinforced with rGO. Therefore, it was concluded that the hydrophobicity of the films was

improved since the oxygen groups were satisfactorily removed.

24.6+0.3 22.5+1.1 35.5+2.2 46.1+1.5
ol nll.. .
0% 1rGO% 2.5rGO% 5rGO%

Figure 6.17 — Contact angle measurements of PLS nanocomposite films reinforced with rGO.

The results are in concordance with those conclusions obtained by XRD, demonstrating that
during the reduction reaction the oxygen functional groups of GO were almost eliminated and, thus,
it was concluded that the employed reaction conditions were successful. Comparing with
nanocomposites containing G, higher contact angle values were obtained after the incorporation and
reduction of GO, corroborating that Salvia extracts had the opposite effect to G and in addition to

stabilise the suspension of G in water, contribute to increase the hydrophilicity of nanocomposites.

6.5.3. Electrical properties

As published elsewhere the reduction of GO restores the sp® hybridised structure of the G [5]

leading to electrically conductive nanoflakes [16]. Therefore, the influence of the chemical reduction
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in the electrical behaviour of PLS nanocomposites was evaluated by two-probe electrical

conductivity measurements. Figure 6.18 displayed the electrical conductivity results.

In contrast with GO containing nanocomposites, all reduced films showed electrical
conductivity increasing for higher rGO contents. Besides, by comparing the nanocomposites
reinforced with tGO with those prepared using G, the higher conductivity values achieved for the
former may be due to two reasons: 1) a more uniform initial better dispersion of GO into the matrix
and GO/interactions which resulted in the formation of a more effective conductive network once
reduced 2) the Salvia used to stabilise G suspension in water and incorporated to the gelatinised
starch, could hinder the formation of a conductive network, as previously discussed. These
conclusions would be also supported by the mechanical properties of GO containing films. Hence,
higher tensile strength values were obtained for GO containing samples indicating good stress
transfer from the matrix to the GO and higher elongation at break were obtained for samples
reinforced with G suggesting that Salvia acts as plasticiser of starch. Thus, it was concluded that the

use of ascorbic acid as reducing agent to restore the electronic structure of GO was suitable.
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Figure 6.18 — Electrical conductivity against G content curves of PLS nanocomposite films reinforced with G
and extracts (A), GO (m) and tGO (e).
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6.5.4. Thermogravimetric analysis

TGA measurements were carried out to study the effect of the reduction treatment in the

thermal resistance of PLS/rGO nanocomposites. TG and DTG cutves ate shown in Figure 6.19.

On the one hand, it was appreciated that the moisture content decreased for all reduced
nanocomposites in agreement with contact angle values. On the other hand, as it could be observed
the degradations occurred in a wider temperature range. The nanocomposites containing rGO
showed a weight loss related to the oxygen functional groups of GO. Usually, the better the
interactions between the filler and the matrix was, the higher the thermal stability was. Thereafter,
the reduction of GO to rGO, removes previous formed interactions between the filler and the
matrix formed during the film formation, thus decreasing dramatically the thermal stability of the
nanocomposite compared to nanocomposites prepared from G and Salvia where the assembly of
starch chains was not interrupted. It was noticed that the char percentage, that could act as heat
barrier, was significantly higher after the reduction reaction. Besides, as expected, the residue was

influenced by the rGO content, i.e. the char increased increasing the nanofiller content.
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Figure 6.19 —a) TG and b) DTG curves of PLS nanocomposite films reinforced with GO and tGO.

-166-



Nanocomposite films based on starch and carbonaceous nanoparticles

6.6. CONCLUSIONS

PLS nanocomposite films were successfully obtained by the incorporation of carbonaceous
nanoparticles, i.e. G and GO. In addition, the nanocomposites prepared with GO were reduced in

order to achieved better electrical conductivity properties.

Firstly, G containing nanocomposites were prepared using different nanofiller contents. Salvia
extracts were necessary incorporated in order to facilitate the dispersion of G in the aqueous
gelatinisation media. The influence of adding different G contents into the matrix was analysed. It
was demonstrated that the addition of G nanoflakes slightly increased the hydrophobicity character
whatever its content but some plasticising effect of Salvia could be concluded. Besides, the
mechanical properties and the electrical conductivity of the nanocomposites were improved
compared with the unfilled matrix. In addition, the thermal stability was not significantly modified

by the incorporation of G.

On the other hand, in a similar way, PLS nanocomposites were developed adding GO as
nanofiller. Regarding the results, it was demonstrated that the strong starch/GO interactions and the
good dispersion of GO improved the final behaviour of the films, specially the mechanical
properties. Besides, these films were satisfactorily reduced by heating them in presence of ascorbic
acid. After the reduction thought the thermal stability was reduced, they were stable up to 200 °C. In
addition, the sp® hybridised structure of GO was restored obtaining also electrical conductivity

properties.
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7. NANOCOMPOSITE HYDROGELS BASED ON CROSS-LINKED
STARCH AND CELLULOSE NANOCRYSTALS

7.1. OBJECTIVE

The aim of this chapter was the development and characterisation of starch-based hydrogels
suitable for be used in the exigent field of biomedicine, mainly in drug delivery systems. With that
purpose, firstly, normal maize starch was functionalised with furan moieties by reaction of the
gelatinized starch with furfuryl isocyanate. After that, hydrogels and their nanocomposites were
obtained by Diels-Alder (DA) reaction between the furan-modified starch derivative and commercial
PEG-based tetrafunctional maleimide cross-linker, adding cellulose nanocrystals (CNC) as
nanoreinforcement. The influence of the CNCs content in the rheological and swelling properties as
well as the morphology of the hydrogels was analysed. Besides, drug delivery measurements and

cytotoxicity assays were carried out in order to assess their applicability in the biomedical field.

7.2. OBTAINMENT OF CROSS-LINKED STARCH-BASED HYDROGELS
7.2.1. Synthesis of furanic starch derivative (S-FI)

Furan-modified starch (S-FI) was obtained by the reaction of gelatinized starch with furfuryl
isocyanate (FI) considering the method defined by Nossa et al. [1]. Firstly, gelatinized starch was
obtained by the gelatinization-casting methodology described previously (Chapters 3,5 and 6) with
some modifications. 2 g of normal maize starch were dispersed in 30 mL of distilled water at room
temperature. The mixture was heated up to 90 "C and gelatinized under continuous magnetic stirring
during 40 min. After that, the viscous gel was homogenised in a dispersing system for 3 min at
15,000 rpm (POLYTRON® PT 2500 E). The gel was spread into petri dishes and dried in an oven

at 70 °C for 5 h.
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After that period, 0.45 g of the gelatinised dried starch were dissolved in 6.4 mL of dimethyl
sulfoxide (DMSO) and the corresponding amount of furfuryl isocyanate was added in order to use a
1:0.1 gelatinized starch to furfuryl isocyanate molar ratio (S:FI) (based on the molecular weight of
anhydroglucose unit 162 g mol") [1]. The reaction was allowed to proceed for 2 h at 60 ‘C with
continuous stirring (Scheme 7.1). After that, the product was precipitated and washed with ethanol,
and then, it was dissolved in distilled water and purified by dialysis (Spectra Pro 12,000-14,000
MWCO regenerated cellulose dialysis membranes from Spectrum Laboratories, USA) against

distilled water for 24 h. The resulting product was obtained once dried at 30 °C for 24 h.

OH o)
| |
0 (DMSO0) 0
o * @vNCO — %
o) 60°C, 2 h

OH o1 %, OH o1 %,
n n
Gelatinized starch Furfuryl isocyanate Furan-modified starch

Scheme 7.1 — Synthesis of furan-modified starch.

7.2.2. Hydrogel formation by Diels Alder reaction between S-FI and tetramaleimide

(TTMI)

Starch-based hydrogels were obtained by the Diels Alder (DA) reaction between the S-FI
derivative and a water-soluble commercial PEG-based tetramaleimide cross-linker (TTMI) (Scheme
7.2). Firstly, 0.128 g of S-FI were dissolved in distilled water (6 wt. %) overnight. Then, 0.064 g of
TTMI were added and the mixture was allowed to react at 65 °C for 24 h in a close vial. The furan
to maleimide (Fu:Mal) weight ratio of 1:0.5 was used to prepare the hydrogels. The resulting
hydrogel was named as HSFI plus de functionality of the cross-linker (in this case, the functionality

is 4), therefore as HSFI4.
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Scheme 7.2 — Chemical structure of the tetrafunctional water-soluble TTMI cross-linket.
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Scheme 7.3 — DA cross-linking reaction between S-FI and TTMI.
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7.2.3. Preparation of nanocomposite hydrogels by Diels-Alder reaction

In order to prepare the nanocomposite hydrogels, different CNC contents (i.e. 2.5 and 5 wt.%

relative to the S-FI plus TTMI total weight) were incorporated into the hydrogel matrix (Scheme

7.4). For that, as described above, 0.128 g of S-FI were dissolved in the distilled water (6 wt. %)

overnight and, after that, the desired amount of CNC was incorporated to the solution, previously

dispersed in distilled water by ultrasonication. Then, 0.064 g of TTMI were added and the reaction

was conducted at 65 “C for 24 h in a close vial. As in case of the non-reinforced hydrogels, the 1:0.5

Fu:Mal ratio was used to prepare the hydrogel nanocomposites.

The cross-linked nanocomposite hydrogels were referred as HSFI4 plus the nanocrystal

content, i.e. HSFI4 - 2.5CNC and HSFI4 - 5CNC.

+ S g
M,/‘:‘\/‘:'\/‘:\W =IN R N z
24 h,65°C e 35 e e
S-Fl CNC Cross-linked hydrogel

wherer s i O @

Starch Furfuryl isocyante Furan group Maleimide group DA adduct

Scheme 7.4 — Model of DA cross-linking reaction to obtain CNC containing nanocomposite hydrogels.

7.3. SYNTHESIS OF FURAN-MODIFIED STARCH

The furan-modification of starch was performed by reaction of gelatinized starch and furfuryl

isocyanate. '"H NMR was carried out in order to verify the success of the functionalisation.
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7.3.1. Nuclear magnetic resonance

"H NMR analysis was performed in order to corroborate the chemical structure of the starch
derivative and used for the quantification of the substitution degree (DS). "H NMR spectra of

gelatinised starch and the furanic derivative are both presented in Figure 7.1a and 7.1b, respectively.
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Figure 7.1 — 1H NMR spectra of a) gelatinized starch and b) whole scan range (left) and magnification from 8
to 6 ppm (right) of the furanic starch derivative (Temperature = room temperature, solvent = D0).

The 'H NMR spectrum of starch is characterised by the presence of a peak at 5.34 ppm
corresponding to the a-anomeric hydrogen (peak A in the Figure 7.1a) and multiple peaks in the 3.3
- 4.0 ppm interval, associated to the other six hydrogens of the anhydroglucose unit [2]. New peaks
related to the furan ring were observed at 7.46, 6.40 and 6.28 ppm for the modified starch (Figure
7.1b) [1,3,4]. According to the literature, the primary hydroxyl (OH) group at C6 is more reactive
than the secondary OH at C2 and C3 [2]. Hence, the insertion of the furanic molecule was likely to
occur at that position varying slightly the intensity of the signal located at 4.0 ppm. The integration
value of the furanic protons relative to that of the a-anomeric hydrogen signal was used for the

determination of the DS value and was found to be 0.04. Several attempts were performed in order
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to increase the final DS value by increasing the starch to furfuryl isocyanate ratio. However, as the
DS value did not further increase from 0.04, the 1:0.1 ratio was finally taken as optimized value.
Guaresti et al. [5] and Montiel-Herrera [6] reported chemical modifications of chitosan with furan
groups and they found minor proton signals at higher displacements associated to unbounded
furanic moieties. In this case, the spectrum of S-FI did not present those signals related to unreacted
furanic moieties indicating that the furan isocyanate reacted completely with starch or that any

excess was efficiently removed after the reaction.

7.4. ANALYSIS OF THE PREPARED HYDROGELS

Hydrogels were prepared following the protocol defined previously by our research group for
furan modified gelatine, with slight modifications [3]. In this case, furan modified starch was cross-
linked with a commercial tetrafunctional maleimide by DA reaction. As shown in Figure 7.2 the
obtained hydrogels resulted in solid like robust materials that maintained the shape in their hydrated
state. The success of the click DA reaction was assessed by FTIR and UV-vis spectroscopy

measurements.

Figure 7.2 — Image of the synthesised hydrogels after the DA reaction.

7.4.1. Fourier transform infrared spectroscopy

The resulting hydrogels were analysed by infrared spectroscopy. Figure 7.3 shows the obtained

FTIR spectrum in comparison with that of the S-FI.
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Figure 7.3 — FTIR spectra of S-FI and the cross-linked starch hydrogel a) in the range of 4000 - 600 cm™ and
b) a magnification of the 2000 - 600 cm! interval at room temperature.

As it could be observed, the spectrum of the obtained hydrogel showed a new peak related to
the carbonyl maleimide groups (C=O) located at 1706 cm™ [7]. In addition, new peaks associated to
the formation of the DA adduct could also be observed. On one hand, the peak shown at 1466 cm™
is usually ascribed to the stretching vibration of the double bond (C=C) in the DA adduct [5,8-10].

Besides, the peak centred at 1105 cm™ is associated with the stretching vibration of the ether linkage

-179-



Chapter 7

(C-O-C) in the DA cycle [7]. However, due to the numerous signals that appeared in the same

region the verification of the DA reaction was difficult only based on the FTIR spectra.

7.4.2. Ultraviolet-visible spectroscopy

In order to study the kinetics of the DA reaction, UV-vis spectroscopy was employed. The
measurements were performed at 65 °C using a temperature-controller device collecting spectra

every 30 min during a total reaction time of 24 hours. The obtained results are shown in Figure 7.4.
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Figure 7.4 — UV-vis spectra of the evolution of the DA reaction at 65 °C.

During the DA cycloaddition, the maleimide groups of the cross-linker reacted with the
pendant furan group of the starch to form the DA adduct. Therefore, as the reaction proceeded the
quantity of accessible maleimide groups is expected to decrease. Maleimide compounds showed an
absorbance signal with a maximum value near 300 nm [3,11] due to the conjugated effect of the
double bond nn* (C=C) and the two carbonyl groups nn* (C=0) chromophore excitations of the
maleimide ring [7,12]. Thus, the DA reaction could be corroborated by monitoring the evolution of
the mentioned absorbance signal since it is expected to decrease due to the disappearance of the

conjugation as a consequence of the adduct formation [11,13,14].
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As observed in Figure 7.4, the absorbance peak associated with the maleimide ring decreased
as the reaction proceeded and after 24 hours the signal was not detectable, indicating the

consumption of the maleimide to form the DA adduct.

7.5. ANALYSIS OF CELLULOSE NANOCRYSTAL COINTAINING
NANOCOMPOSITE HYDROGELS

The nanocomposite hydrogels were prepared by adding CNC as nanoreinforcement at 2.5 and
5 wt.%. Several attempts were made to increase the nanocrystal content above the 5 wt.%, however,
it was not feasible since the mixture was too viscous and non-homogeneous. Due to the
demonstrated affinity with the matrix (Chapters 4 and 5) and their nanoscale dimensions, it was
expected that the addition of CNC would also contribute to the improvement of the mechanical
properties and, at the same time, modulate the swelling and/or the capacity for sustained delivery of
drugs of the developed novel hydrogels. Thus, the influence of the CNC content in the rheological
behaviour, swelling capacity and microstructure was analysed. Besides, the drug delivery profiles and

the cytotoxicity were also studied.

7.5.1. Rheological behaviour

The viscoelastic behaviour of unfilled and NCs containing hydrogels was analysed by
rheological measurements. Firstly, preliminary strain sweep tests were performed in order to
determine the linear viscoelastic region of each sample where both the storage (G’) and loss
modulus (G”) were independent of the applied strain. Thus, a constant strain of 1% was selected to

perform the frequency sweep tests. G’ and G” vs frequency curves are presented in Figure 7.5.

As could be observed, all hydrogels showed the typical viscoelastic pattern of cross-linked
solid gels, being G’ almost constant in the studied frequency range and always higher than G” [15].
Thus, it could be concluded that the hydrogels besides to physical interaction possessed a cross-

linked permanent network leading to a rigid and strong behaviour [17].
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As expected, the addition of CNC led to the increase of G’ value, measuring 1381 Pa for
unfilled hydrogel and 2011 Pa for the HSFI4-5CNC hydrogel. Therefore, it could be concluded the
effective contribution of CNC to the elasticity of the hydrogel [17] since the addition of CNC into
the matrix increased the efficiency of the network. In effect, during the DA reaction the CNC were
trapped in the hydrogel network leading to the formation of intermolecular H-bonds between OH
groups of CNC and those of the starch macromolecule. It is worth to noting that preliminary
investigations developed for gelatine based DA hydrogels reinforced with CNCs [16] found that
when the CNCs were not functionalised the G’ value of the hydrogel was not improved. Recently,
Kumar et al. [18] developed hybrid polyactrylamide/catboxymethyl cellulose hydrogels and obsetved
that the addition of 2.5 wt.% of CNCs to the hydrogel did not increase the G’ value. In the case of
our starch hydrogel the improvement was achieved using bare nanocrystals and, furthermore, the
elastic solid-like behaviour was measured even at the lowest frequency values as a consequence of

permanent covalent DA cross-links.
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Figure 7.5 — Frequency sweep measurements of B HSFI4, ® HSFI4-2.5CNC and A HSFI4-5CNC: G’ (filled
symbols) and G” (empty symbols). Tests conditions: 37 °C and 10 Hz.
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7.5.2. Swelling capacity

The swelling behaviour is one of the most important property to be evaluated in hydrogels
[19,20], in particular when they are used in biomedical applications [21]. The swelling capacity of the
CNC containing starch-based hydrogels was evaluated gravimetrically by swelling freeze-dried
samples (n=3) in phosphate buffer solution (PBS) medium at 37 °C and pH = 7.4. The swelling
ratio (SR) was determined using the Equation 2.10. The obtaining SR vs time curves are presented in

Figure 7.6.

It was noticed that the swelling patterns of all samples occurred in two steps. During the first
period, the SR increased rapidly, while during the second step the SR increased slowly until the
hydrogel acquired the maximum amount of fluid that is able to retain and thus, achieved the
equilibrium. As it could be observed in the Figure 7.6, the swelling equilibrium was achieved eatlier

for the unfilled hydrogel that also showed the highest SR value in the first period.

On the other hand, the SR value decreased due to the incorporation of CNCs. As it is well
known [3,7,16,22], the SR of hydrogels depends on numerous factors that involves the employed
external stimuli (ionic strength, pH, temperature) and the nature of the polymer, i.e. the hydrophilic
character of the polymer, the concentration, the cross-linking density of the network and the
porosity of the hydrogel. The results were in agreement with those reported by other authors
[23,24], the SR wvalue of polysaccharide-based hydrogels decreased by the addition of CNC as
nanofiller. It is assumed that the H-bonding interactions formed between the CNC and the
polysaccharide, starch in our case,, reduced the mobility of the network [23] and prevented the
permeation of the solution inside the hydrogel. Thus, increasing the CNC content the mobility of
the cross-linked network was hindered, leading to lower amounts of permeated PBS and lower SR

values.
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Figure 7.6 — SR versus time curves of HSFI4, HSFI4-2.5CNC and HSFI4-5CNC in PBS at 37 °C.

7.5.3. Drug delivery

The synthesised hydrogels were evaluated in terms of their ability as sustained release drug
delivery systems. Hydrogels were firstly loaded with Chloramphenicol (CIPh) following the
methodology described in Chapter 2. The amount of drug loaded was found to be similar in all
cases, i.e. drug loaded values of 1.58, 1.57 and 1.61 mg CIPh g hydrogel were obtained for unfilled
hydrogels and hydrogels reinforced with 2.5 and 5 wt.% of CNC, respectively. Drug release studies
were then performed at 37 °C during 4 h in phosphate buffer solution (PBS) that simulates intestinal
pH conditions. During the test an aliquot of the released media was analysed by UV-vis
spectroscopy each 30 min returning the aliquot to the beaker once analysed. The obtained

Cumulative Release (CR) profiles are shown in Figure 7.7.

As it could be observed, in all cases controlled and sustained delivery of the antibiotic was
achieved but significant differences were detected between the three hydrogels. Indeed, the CR
profile was more sustained in case of the unfilled hydrogel, whereas higher CR values were observed

for nanoreinforced hydrogels with increasing initial release slope as the CNC content increased.
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Figure 7.7 — Drug release profiles in PBS at 37 °C of HSFI4, HSFI4-2.5CNC and HSFI14-5CNC.

7.5.4. Scanning electron microscopy

The morphology, the inner pore structure and the pore size and distribution are decisive
factors for drug delivery systems [23]. Indeed, an interconnected porous structure is desirable for
hydrogels to be applied as drug carriers [3], as the porous network would facilitate the transport and
delivery of required molecules [25]. Hence, the morphology of the unfilled matrix and the resulting
nanocomposite hydrogels was analysed by SEM. Samples were freeze-dried after swollen in distilled
water. It is generally accepted that, the interconnected domains occupied by water in the swollen
samples, changed after the freeze-drying process to a porous structure due to the ice crystals

formation [9]. Figure 7.8 shows the SEM images of each sample.

In all cases, an interconnected porous microstructure was obtained. However, the pore size

was influenced by the content of the CNC, resulting in higher pore size while increasing the CNC
content. Indeed, adding 5 wt.% of CNC the pore size increases from values next to 10 pm to values

near 90 pm. Similar behaviour was observed by other authors with hydrogels based on

cyclodextrin/triblock copolymer and reinforced with cellulose and chitin NCs [17], concluding that
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both the pore size and the thickness of the wall increased with the NC content. It seemed that the
H-bonds formed during the hydrogel formation in the presence of CNCs, hindered the compaction

of the polymeric network and thus, the obtained pore size for nanocomposite hydrogels was larger.

The observed effect of the CNCs incorporation in the internal morphology and the pore size
of the hydrogels would be related to the previously discussed swelling and drug release behaviour.
Indeed, the pore distribution and size is generally assumed to be crucial for the swelling capacity as
well as to affect the release of the drug [23]. As concluded by SEM images the pore size increased
notably due to the addition of CNC what could be the reason for the initial “burst effect” that was
observed for nanocomposite hydrogels by comparing with the more sustained profile of the unfilled
one. This phenomenon is usually ascribed to the release of the drug fixed to the surface or within
the upper layers of the hydrogel instead the release of the drug absorbed inside the polymeric

network [20].

Figure 7.8 — SEM images of the porous microstructure of HSFI4, HSFI4-2.5CNC and HSFI4-5CNC
hydrogels.
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7.5.5. Cytotoxicity

Since these hydrogels were developed as possible candidates to be used as drug delivery
systems in biomedical applications, in vitro cell viability and proliferation was studied by short-term
cytotoxicity assays evaluating changes in cellular growth, incubating L. 929 mouse fibroblast cells for

24 h and 48 h in the hydrogels. The obtained results are shown in Figure 7.9a and b.
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Figure 7.9 — (a) Absorbance at 540 nm versus incubation time of a positive control, negative control and
HSFI4, HSFI4-2.5CNC and HSFI4-5CNC hydrogels and b) viability of L.-929 murine fibroblast cells in
extracted media at 48 h of positive control and HSFI4, HSFI4-2.5CNC and HSFI4-5CNC hydrogels.
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Preliminary viability results showed that the hydrogels presented non-toxic behaviour and
allowed the cell growth. The proliferation curve of hydrogels (Figure 7.9a) showed the same
increasing pattern of the negative control, whereas the positive control presented decreasing slope
for the proliferation curve. As mentioned, the cell viability was measured up to 48 hours in cells
cultured in extracted medium from hydrogels, showing cell viability values higher than the
acceptance limit of 70% (compared with the negative control) as established by ISO 10993-12
standard. Indeed, values of 89.0, 82.6 and 98.0%, were obtained for the unfilled hydrogel and
samples reinforced with 2.5 and 5 wt.% of CNC, respectively. These results indicated that hydrogels
could be initially considered as biocompatible, and thus, would be suitable for biomedical

applications.

7.6. CONCLUSIONS

Starch cross-linked hydrogel nanocomposites were satisfactorily prepared by DA click reaction
in aqueous media between synthesised furanic starch derivative (S-FI) and tetrafunctional maleimide
cross-linker (TTMI). Firstly, the furan functionalisation of maize starch was assessed by 'H NMR.
Besides, the success of the DA reaction was corroborated by FTIR and UV-vis spectroscopy. In
addition, hydrogel nanocomposites were prepared adding different CNC content (2.5 and 5 wt.%).
The results demonstrated that the addition of CNC led to slightly higher storage modulus and lower
SR values, influencing notably both the morphology of the hydrogels, with larger pores and thicker
walls, and, particularly, the drug delivery performance of the materials. Finally, it was found that the
prepared hydrogels showed non-toxic behaviour, concluding that they showed potential applicability

as drug delivery systems in biomedical applications.
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8. NANOCOMPOSITE HYDROGELS BASED ON CROSS-LINKED
STARCH AND GRAPHENE

8.1. OBJECTIVE

In the present chapter starch-based chemically cross-linked hydrogels were obtained by
reaction between furan-modified starch (S-FI) and bismaleimide (BMI) in several ratios. Besides,
graphene (G) nanoflakes were added in order to provide specific properties to the hydrogel, as

electrical conductivity and antimicrobial properties.

Therefore, cross-linked hydrogels were prepared by DA reaction in aqueous media between
the furan-modified starch (synthesised according to the Section 7.2.1) and the properly synthesised
water-soluble BMI cross-linker. Considering that the effectiveness of the cross-linked network could
be affected by the furan/maleimide (Fu:Mal) ratio, different cross-linker amounts were used in order
to analyse its influence in the characteristic properties of the hydrogels as rheological behaviour,
swelling capacity and morphology. In addition, nanocomposite hydrogels were prepared with G as
conductive nanofiller, using Salvia plant extracts as water dispersion stabiliser. The influence of
adding G into the matrix was studied in terms of mechanical behaviour, morphology, antimicrobial

and electrical properties.

8.2. OBTAINMENT OF CROSS-LINKED STARCH-BASED HYDROGELS
8.2.1. Synthesis of bismaleimide cross-linker (BMI)

The synthesis of the water soluble BMI cross-linker was performed following the method
developed previously by our group [1]. The reaction steps are shown in Scheme 8.1. Briefly, 25.87
mmol of Jeffamine® ED 900 were added dropwise over 50 mL of maleic anhydride solution (50.97
mmol) in chloroform. The reaction was maintained at 10 “C for 3 h under nitrogen atmosphere.

Then, the product was kept under magnetic stirring at room temperature for 2 h and dried under
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vacuum. Then, 4.56 mmol of the dried intermediate product, i.e. bismaleamic acid, were mixed with
trimethylamine (2.96 mmol) and sodium acetate trihydrate (3.47 mmol) in 10 mL of acetone under
nitrogen atmosphere. Acetic anhydride (28.96 mmol) was then added and the reaction was

maintained at 70 °C for 2.5 h. The BMI was obtained by solvent evaporation under vacuum.

NH, CH, 0§®¢0 0 CH 0
0 0 — NH JQL[O%_LE NH
B L T B e
CH, ! m N 1)N,, 30, 10°C 0O CH, ™ on, o0
2)N,,2h, roomT
Jeffamine ED 900 Bismaleamic acid (BMA)

CH,COONa
Et,N /O CH 0
3
ACZO
BMA ————> | N\/Eo O%K&N \
N,, 2.5 h, 70 °C | m n/
0 CH, CH, O

Bismaleamide (BMI)

Scheme 8.1 — Synthesis of BML

8.2.2. Hydrogel formation by Diels-Alder reaction between S-FI and BMI

Starch-based hydrogels were obtained by the DA reaction of S-FI and the BMI cross-linker.
DA reaction is illustrated in Scheme 8.2. The synthesis of S-FI was performed following the method
defined in Section 7.2.2. The hydrogel was obtained by mixing the S-FI aqueous solution and the

desired amount of BMI and allowing to react at 65 “C for 24 h in a closed vial.

Three different hydrogels were prepared with different S-FI:BMI weight ratios (Fu:Mal), 1:0.5;
1:1.0 and 1:1.5. The S-FI/Jeffamine® ED 900 weight ratio of 1:0.5 was also prepared at the same
temperature and time cycle as the reference (control). The corresponding hydrogels were named as
HSFI plus de functionality of the cross-linker (in this chapter the cross-linker is bifunctional)
followed by the Fu:Mal ratio. In order to evaluate the influence of the BMI content, the hydrogels

were characterised as-prepared.
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Scheme 8.2 — DA cross-linking reaction of S-FI and BMI.

8.2.3. Preparation of nanocomposite hydrogels by Diels-Alder reaction

Nanocomposite hydrogels were prepared by adding G into the reactive mixture of the
hydrogel. The exfoliation of graphite to G was performed as described in Section 4.2.2.1, whereas
the preparation of Salvia extracts was carried out by infusion method according to the protocol

described in Section 6.2.1.

Firstly, G and Salvia extracts aqueous dispersion was prepared by ultrasonication for 6 h.
0.128 g of S-FI were then dissolved in that aqueous dispersion and 0.192 g of BMI were added in a
1:1.5 weight ratio. The reaction was performed at 65 °C for 24 h in a closed vial. G and Salvia
extracts contents were 0.2 wt.%, respectively, relative to the (S-FI+BMI) total weight. The

nanocomposite hydrogel will be referred as HSFI2-1:1.5GE.
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Scheme 8.3 — DA cross-linking reaction to obtain G containing nanocomposite hydrogels.

8.3. CHARACTERISATION OF BISMALEIMIDE

The water soluble bismaleimide was synthesised by the reaction of Jeffamine® ED 900 with
maleic anhydride and the subsequent cyclization of the maleimide ring. The success of the synthesis

of the bifunctional cross-linker was corroborated by nuclear magnetic resonance.

8.3.1. Nuclear magnetic resonance

"H NMR and “C NMR spectra of the obtained water-soluble BMI ate presented in Figure 8.1.
As observed in the "H NMR spectrum, the typical multiple signals related to the Jeffamine® ED 900
were observed at 3.5 and 1.3 ppm [2]. Besides, a new small peak associated with the hydrogen of the
(C=C) double bond of the maleimide ring appeared at 6.20 ppm. Similarly, in the case of "C NMR,
new peaks related to the double bond (C=C) and the carbonyl bond (C=0O) of the maleimide ring
were observed at 135 and 171 ppm, respectively. The results are in agreement with previously

reported literature [2] indicating that the BMI cross-linker was successfully synthesised.
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Figure 8.1 —a) 1H NMR and 13C NMR spectra of BMI (* refers to acetic acid impurities).

ANALYSIS OF THE PREPARED HYDROGELS

Starch based Diels-Alder cross-linked hydrogels were prepared with different Fu:Mal weight

ratios similarly to the previous work reported by our group and based on furan modified gelatine,

with some modifications [1]. Besides, a reference sample (control) was prepared by mixing the

unmodified Jeffamine® ED 900 with S-FI using a weight ratio of 1:0.5.
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As it could be deduced by the pictures showed in Figure 8.2, all the targeted hydrogels were
successfully cross-linked DA reaction after the reaction time, whereas the control sample, that

without maleimide groups, remained in the liquid state.

HSFI2-Control HSFI2-1:0.5 HSFI2-1:1.0 HSFI2-1:1.5

Figure 8.2 — Images of the synthesised hydrogels after the DA reaction.

8.4.1. Fourier transform infrared spectroscopy

The hydrogels were analysed by FTIR in order to observe the new absorption bands
associated with the Diels Alder adduct. The resulting spectra are shown in Figure 8.3. Due to the
high number of the signals in the same region, the new peaks were hardly distinguishable and, hence,

a magnification of 2000-600 cm™ interval is also presented.

For all cross-linked hydrogels new peaks of carbonyl maleimide group (C=O) could be
observed at 1745 and 1706 cm™ [2]. In addition, new peaks related to the stretching vibration of the
double bond (C=C) in the DA adduct appeared at 1455 cm™ [3-6], as well as another new peak
associated with ether group (C-O-C) stretching vibration of the DA adduct at 1100 cm™ [2].
However, as concluded in Chapter 7, the numerous peaks that appeared in the same region make

difficult to discern the DA adduct formation by means of FTIR spectra.
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Figure 8.3 —FTIR spectra of BMI, S-FI and the three final cross-linked starch hydrogels a) in the range of
4000 - 600 cm! and b) the magnification in the 2000 - 600 cm interval at room temperature.

8.4.2. Ultraviolet-visible spectroscopy

In order to further verify the DA reaction, the reaction between the furan-modified starch and
the BMI was monitored by UV—vis spectroscopy using a temperature-controlled device. The

measurements were carried out at 65 “C using the Fu:Mal weight ratio of 1:1.5 as the reference by
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recording one spectrum each 30 min, during 24 h. Figure 8.4 shows the obtained UV-vis spectra

collection.

As discussed in Chapter 7, as the reaction proceeds and the DA adduct is formed, the

disappearance of the absorbance associated to the maleimide ring occurs [7-9].

As illustrated in Figure 8.4, the absorbance band related to the maleimide groups decreased

progressively as the cross-linking reaction proceeded to form the DA adduct. The intensity of the

absorbance band decreased until disappearing at the end of the reaction. The results proved that the

DA reaction occurred completely, and the success of the proposed strategy was then assessed.

Absorbance (a.u.)

—0h
——1h
—2h

3h
—4h
—5h
—12h
18h
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300 350 400

Wavelength (nm)

Figure 8.4 — UV-vis spectra of the evolution of the DA reaction at 65 °C.

8.5. EFFECT OF THE FURAN TO MALEIMIDE WEIGHT RATIO ON
HYDROGEL PROPERTIES

The DA hydrogels were prepared by reaction between S-FI and different cross-linker amounts

in order to evaluate the influence of the furan to maleimide weight ratio on the final properties of
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starch-based hydrogels. Thereby, the increase of the cross-linker agent amount in viscoelastic

behaviour, the porous morphology and the swelling capacity was studied.

8.5.1. Rheological behaviour

The viscoelastic behaviour of the hydrogels (n=3) was analysed in order to study the effect of
the Fu:Mal weight ratio. The influence of the amount of cross-linker in the stiffness of the hydrogels
was evaluated. Firstly, preliminary strain sweep tests were carried out in order to determine the linear
viscoelastic region of each sample, i.e. the region in which both the storage (G’) and loss modulus
(G”) were independent of the applied strain. Thus, a constant strain of 1% was selected to perform
the frequency sweep tests. Results are shown in Figure 8.5. As observed, after a small period of
stabilisation the samples showed a solid-like gel behaviour [10,11] which is characteristic of an elastic
pattern. Thus, G’ was maintained almost constant and always higher than G” in the whole studied
frequency range (0.1-500 rad s') [12]. Some noticeable differences were observed between the
different hydrogels. When comparing HSFI2-1:0.5 and HSFI2-1:1.0 hydrogels, it was found that G’
values were 1720 * 243 Pa and 1600 £ 173 Pa, respectively. However, increasing the BMI amount
up to the 1:1.5 wt.% ratio resulted in higher G’ values (3750 = 353 Pa). The value of the G’ is
generally assumed to be closely related to the cross-linking density of the hydrogel network. Similar
results were observed in our group both increasing the cross-linker amount [2] and also when using
CNC grafted with maleimide groups as additional cross-linkers [13]. Hence, the remarkable increase

in the G’ value for the 1:1.5 sample could be ascribed to a larger amount of cross-linking points.

The field of application of hydrogels synthesised from biodegradable polymers is mainly
related to biomedical applications as scaffolds or implants. It is therefore of great relevance the
stiffness of the final material as it could directly affect its final performance. The G’ value, as
indicator of the rigidity of the material, was found to be in the range between 1600-3750 Pa, which

is comparable with those values of liver, fat, relaxed muscle and breast gland tissue (10°~10* Pa) [14].
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Figure 8.5 — Frequency sweep measurements of B HSFI2-1:0.5, ® HSFI2-1:1.0 and A HSFI2-1:1.5:G’ (filled
symbols) and G” (empty symbols). Tests conditions: 37 °C and 1%.

8.5.2. Scanning electron microscopy

Achieving an interconnected porous internal structure is a key issue to consider in the
formation of hydrogels for biomedical applications [1,15]. Therefore, the microstructure of
hydrogels was studied by SEM over freeze dried samples after being swollen in distilled water.

Figure 8.6 shows the microstructure of each sample analysed by SEM.

As noticed, the morphology of hydrogels was strongly influenced by the amount of the cross-
linker. A porous structure was obtained in all cases, which was expected to retain a great amount of
water [15]. However, as it could be observed, increasing the Fu:Mal weight ratio led to a more
porous structure. HSFI12-1:0.5 sample showed a quite compact morphology with both smooth areas
and pits, whereas for HSFI2-1:1.0 and HSFI2-1:1.5 hydrogels more homogeneous porous
microstructure was observed. Moreover, the pore size was found to be much smaller for the latter
(around 25 pm for HSFI2-1:1.0 and around 10 pm for HSFI2-1:1.5) being them regularly distributed
along the sample. It is normally accepted that the use of higher amounts of cross-linker in the

formulations led to smaller pore sizes since higher cross-linking densities are obtained [15]. Hence,
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these results would be in concordance with those previously presented from the rheological data,

and therefore, could indicate that the 1:1.5 Fu:Mal weight ratio achieved the highest degree of cross-

linking, showing the highest elastic modulus value and the smaller pore size.

HSF12—1:1.0‘i\A

Figure 8.6 — SEM images of the porous microstructure of starch-based hydrogels HSFI2-1:0.5, HSF12-1:1.0
and HSFI2-1:1.5 samples.

8.5.3. Swelling capacity

The swelling capacity of the hydrogels was gravimetrically measured by swelling freeze-dried
samples (n=3) in simulated intestinal fluid (phosphate buffer (PBS), pH=7.4 at 37 “C. The SR was

determined by the Equation 2.10. The obtained swelling curves are shown in Figure 8.7.

The swelling patterns of all samples involved two steps of different swelling rates. During the
first step, the SR increased rapidly up to a value of 400% for the 1:0.5 hydrogel and 800% for the
other two formulations, whereas in the second step the swelling degree grew slowly until the

equilibrium was achieved. The equilibrium value was reached after similar time interval in all cases.

As discussed in Chapter 7, the swelling capacity of hydrogels would be determined by the
internal porous microstructure. In addition, it depends also on the amount and the hydrophilic
character of the employed polymer and cross-linker [1,2,13,16] since increasing hydrogen bonding
interactions between the hydrophilic polymeric chains and water molecules bring the aqueous

solution inside the network leading to higher SR [16].
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Therefore, the cross-linking density and the hydrophilic nature of the BMI would be decisive
variables. Commonly the SR value decreases when a highly cross-linked polymeric network is
obtained, since the 3D network hinders the permeation of the solution inside the hydrogel and, at
the same time, the polymeric chains mobility is reduced, preventing the separation and the

subsequent swelling [13,10].

According to the rheological results and the microstructure analysed by SEM, higher cross-
linker densities were attributed to the hydrogel with the largest amount of BMI. Thus, it could be
expected lower SR values to be obtained for higher Fu:Mal weight ratios. However, in our case the
opposite effect was observed, i.e. the SR increased when using higher BMI amounts. Consequently,
the HSFI2-1:1.5 sample is the one with higher swelling degree. The strong hydrophilic character of
the used cross-linker is likely to be the main reason for these swelling behaviour, in agreement with
previously findings reported by our group [5]. Similar results were obtained in a preliminary study

using the BMI and a furanic modified gelatine [17].
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Figure 8.7 — SR (%) versus time curves of obtained starch hydrogels in PBS at 37 °C.
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8.5.4. Hydrolytic degradation

In order to evaluate the long-term stability of the hydrogels, they were maintained immersed
in PBS (n=3) for one week and the hydrolytic degradation was assessed by determining the final
weight loss (Equation 2.11). Similar degradation values (in %) were obtained for HSFI2-1:1.0 (53 £
2%) and HSFI2-1:1.5 (52 * 5%) hydrogels, whereas higher values were achieved for HSFI2-1:0.5
sample (79 * 1%). These results are in concordance with the literature [3,6], which stated that the
degradation is influenced by the cross-linking degree, thus higher cross-linked network result in

lower hydrolytic degradation values.

8.6. ANALYSIS OF GRAPHENE CONTAINING NANOCOMPOSITE
HYDROGELS

Soft, flexible, biocompatible, and electroactive hydrogels have applications in diverse areas
such as switchable drug delivery devices, tissue engineering scaffolds with built-in stimulation and
sensing, and as coatings for neural electrodes and implants [18]. Therefore, we hypothesised that
conductive hydrogels could be developed by the incorporation of G nanoflakes as conductive

reinforcement into our starch-based hydrogels.

Thus, for the development of nanocomposite hydrogels, and according to the results obtained
previously for neat hydrogels, HSFI2-1:1.5 was selected as the matrix since it presented the highest
modulus and swelling ratio values whereas along with the lowest pore size. For the incorporation of
G (0.2 wt.%) it was firstly homogenously dispersed in water using Salvia extracts as dispersion
stabilisers. As it was discussed in Chapter 6, the use of polyphenolic compounds, such as natural
extracts, contribute to the obtainment of stable dispersions of G nanoflakes in water [19]. Besides,
Salvia extracts are known to present antimicrobial and anti-inflammatory activities features that
could be relevant in the biomedical field [20]. The image of the obtained G containing

nanocomposite hydrogel (HSFI2- 1:1.5GE) is shown in Figure 8.8.
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Figure 8.8 — Image of HSFI2-1:1.5GE sample.

8.6.1. Rheological behaviour

The effect of adding G nanoflakes on the viscoelastic behaviour of starch-based hydrogels was
evaluated following the same methodology described for the neat hydrogels. The corresponding

results are shown in Figure 8.9.
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Figure 8.9 — Frequency sweep measurements of A HSFI2-1:1.5 and € HSFI2-1:1.5GE: G’ (filled symbols)
and G” (empty symbols). Tests conditions: 37 °C and 1%.

It could be noticed that HSFI2-1:1.5GE presented the same viscoelastic pattern as its
counterpart without G (HSFI2-1:1.5). Indeed, G” was higher than G” and remained constant in the

studied frequency range.
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In addition, upon the addition of 0.2 wt.% of graphene, G’ increased from 3660 * 352 Pa for
the unfilled hydrogel to 5680 = 362 Pa for the nanocomposite. These results are in concordance
with those reported by Ganguly et al. [21] with G reinforced acrylic hydrogels, where the G’ was

found to increase with increasing G content.

8.6.2. Electrical conductivity

Electroactive hydrogels could be developed following different strategies that include the use
of insulating traditional polymers combined with intrinsically conductive constituents as carbon
nanostructures (nanofibers, nanotubes or G), metallic nanoparticles or conducting polymers. The
electrical response of HSFI2-1:1.5 hydrogel with and without G was analysed by electrical
conductivity measurements by a two-probe technique measuring the resulting current intensity for
each applied voltage in the range of 0-5 V. G was incorporated as conductive nanofiller, thus it was
expected the conductivity to be increased. From the measurements the electrical conductivity was
calculated to be 1.23x107* S m™ for the HSFI2-1:1.5, whereas HSFI2-1:1.5GE hydrogel showed an
electrical conductivity of 1.16X10° S m™. The increase of the conductivity up to a decade indicated
that the G would be acting as effective conductor nanoreinforcement of the hydrogel. Ganguly et al.
[21] and Alam et al. [22] reported values of around 0.40 vol% of G as that for the percolation
threshold of electrical conductivity for G containing acrylic hydrogels which is higher than the G
concentration studied for the prepared starch hydrogels. However, the percolation threshold is
strongly dependent on the nature and chemical structure of the macromolecular network and the
created conductive pathway. Therefore, further investigations would be required varying the G
content into the starch hydrogel matrix in order to assess the electrical percolation threshold for the

greatest conductivity improvement.
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8.6.3. Antimicrobial activity

The antimicrobial activity is also a relevant issue when designing materials for being applied in
biomedical applications. G is an outstanding candidate as antimicrobial agent [23,24], due to its
capacity to inactivate and control various microorganisms proliferation [25]. Moreover, it is worth
noting that Salvia extracts are also commonly used as effective antibacterial, antioxidant and anti-
inflaimmatory agents [20,26,27]. The antimicrobial activity of G containing hydrogels was analysed
against Fscherichia coli CECT 405 and Staphylococcus aurens CECT 239 bacteria. The inoculated samples
were incubated at 37 °C for 24 h and 48 h and tested using the disc-plate antibiogram technique.

The bacterial growth inhibition zones were measured (Figure 8.10).

The HSFI2-1:1.5GE hydrogel presented inhibitory activity against both E. ¢/ and S. aureus
bacteria. After 24 h of incubation, an inhibitory halo of 7.0 mm was obtained in the case of E. ¢/,
whereas for §. aureus the diameter reached up to 9.5 mm. Furthermore, it was observed that after 48
h of incubation, the size of the inhibition halo remains constant for E. w/. On the contrary, in the
case of 8. aureus the inhibition zone decreased from 9.5 mm to 4.5 mm. Nevertheless, the existence
of the halo after 48 h denotes that the antibacterial activity against S. aureus bacteria keeps effective.
Santamaria-Echart et al. [27] reported that when Salvia extracts were added ex situ into a waterborne
polyurethane matrix in 3 and 5 wt.%, the resulting materials presented proliferation against S. awreus
in some cases after 96 h. It should be noted that in this work an effective antibacterial activity
against S. aurens was obtained using significantly lower extracts content. Therefore, it seemed that, in
our case, the antibacterial activity was also influenced by the addition of G nanoflakes into the
hydrogel matrix. Thus, it could be concluded that the incorporation of G dispersed in the Salvia

extracts into the starch-based hydrogels led to efficient antibacterial materials.
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Figure 8.10 — Antibacterial tests of HSFI2-1:1.5GE for a) E. cw/i (duplicated) and b) S. aurens (duplicated)
indicating the inhibition zones at 24 h (red line) and 48 h (black line).

8.6.4. Scanning electron microscopy

The microstructure of the nanocomposite hydrogels was also analysed by SEM. In a similar
way, the G and extracts containing hydrogel was swollen in distilled water and freeze-dried. Figure

8.11 shows the microstructure of the resulting nanocomposite hydrogel analysed by SEM.

As it could be observed, the nanocomposite hydrogel showed the desired homogeneous
porous structure. However, it is worth noting that the addition of the nanofiller resulted in higher
pore sizes. Indeed, the pore size increased from 10 pm (for the unfilled matrix) to 100 um (for the
nanocomposite hydrogel). Similarly to that concluded for the nanocrystals containing hydrogels in
Chapter 7, it seemed that the incorporation of the G nanoflakes altered the formation of an effective

cross-linked network leading to higher pore sizes.
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Figure 8.11 — SEM images of the porous microstructure of starch-based hydrogels HSFI2-1:1.5 and HSF12-
1:1.5GE samples.

8.7. CONCLUSIONS

Starch-based hydrogels were successfully obtained by DA reaction between furan-modified
starch and the hydrophilic BMI cross-linker in aqueous media. The effectiveness of DA reaction to
form starch-based hydrogels was demonstrated by FTIR and UV-vis spectroscopy. The Fu:Mal
weight ratio was found to affect significantly the rheological properties and the microstructure of the
final hydrogels, decreasing the pore size and increasing the storage modulus value with the 1:1.5
ratio. G nanoflakes were incorporated as conductive nanofiller to the reaction medium using Salvia
extracts as dispersion stabilisers. As expected, the obtained nanocomposite hydrogel presented not
only mechanical behaviour improvement but also antimicrobial activity against both gram positive
and gram-negative bacteria, whereas the electrical conductivity of the material was improved in a
decade. These biobased novel materials have promising properties in view of future biomedical

applications, in particular those were electrical responsive hydrogels could be required.
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9. GENERAL CONCLUSIONS, FUTURE WORKS AND PUBLICATIONS

9.1. GENERAL CONCLUSIONS

The aim of this work was the development and the characterisation of novel maize starch-
based materials in order to overcome some of their limitations as well as explore new fields of
application. With this purpose different strategies were proposed that include the employment of
new plasticisers, the use of different processing technologies, the development of nanocomposite

films and the derivatization and cross-linking for hydrogel synthesis.

Regarding the plasticisers, PLS was obtained using glycerol, D-isosorbide and 1,3-propanediol
by both solvent casting and extrusion/compression methods. The use of different plasticisers
resulted in differences with respect to the transparency and contact angle values, mechanical and
barrier properties as the same time that changed the principal relaxation transitions of the material.
Indeed, D-isosorbide outstands between them and reveals as the most effective against the

retrogradation derived changes of PLS.

WSNC and CNC were successfully isolated by acid hydrolysis. Besides, graphite was used as

raw material for obtaining G and GO by sonication/centrifugation and oxidation, respectively.

Glycerol plasticised maize starch-based nanocomposites were developed by solvent casting
and extrusion/compression methods adding WSNC and CNC as nanoreinforcements. On one
hand, it was observed that the incorporation of WSNC affected to the two main relaxation
transitions of the material and, at the same time, improved the mechanical behaviour and the OP of
the neat PLS. Besides, it could be concluded that the addition of CNC enhanced significantly the

mechanical properties.
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Comparing the results for the films obtained by solvent casting with those obtained by
extrusion/compression, it could be concluded that the latter, in addition to facilitate the large-scale
production, led to higher transparency and better mechanical properties, whereas no significant

differences were observed in the barrier properties.

Glycerol plasticised PLS nanocomposite films incorporating G and GO were successfully
obtained by solvent casting method. Stable G aqueous dispersions were obtained by using Salvia
extracts as surfactants. The resulting nanocomposites presented improved mechanical properties as
well as electrical conductivity. However, it could be concluded that the use of Salvia extracts seemed
to act as co-plasticiser for the PLS. The characterisation of the GO containing PLS nanocomposites
showed strong starch/GO interactions and a good dispersion of the nanofiller was achieved.
Moreover, the acidic treatment applied for the reduction of the GO was found to be effective,

obtaining electrically conductive films.

Finally, maize starch was derivatized with pendant furanic moieties by the reaction with
turfuryl isocyanate and novel starch based crosslinked hydrogels were successfully obtained by the
DA reaction using water-soluble maleimides with different functionalities as cross-linkers. The
addition of CNC into the hydrogels prepared with the TTMI, led to higher storage modulus values
and pore sizes showing faster drug release rates. Finally, conductive and antibacterial starch-based
DA nanocomposite hydrogels cross-linked with the BMI were synthesized incorporating G

nanoflakes.

9.2. FUTURE WORKS

Based on the results obtained in this PhD thesis the following ideas and strategies are
proposed as future works to continue in the field of the performed research and open new research

lines:
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9.3.

Increase the total NC content when WSNC and CNC are incorporated together in the
PLS matrix, analysing deeply their synergistic effect in order to improve the mechanical
and barrier properties.

Prepare extruded PLS films reinforced with G and GO in order to evaluate the
mechanical and barrier properties of PLS films obtained with a large-scale production and
compare with their analogous obtained by solvent casting.

Synthesize the maleimide functionalised derivative of starch. It would be interesting to
modify starch by reaction with a maleimide ended compound such as it could be the
counterpart of the S-FI for the development of totally starch based DA new hydrogels.
Develop DA hydrogel nanocomposites adding surface functionalized polysaccharide NCs.
It is suggested to modify both CNC and WSNC with maleimides with the aim of use them
as co-cross-linkers.

Increase the G content in conductive and antimicrobial DA hydrogels. The optimization
of the G and extracts content is proposed in order to obtain tailor-made electrical
conductivity and antimicrobial properties.

Complete the characterisation of obtained DA hydrogels from a biomedical point of view.
Taken into account the proposed biomedical applications of the hydrogels, we consider

necessary to perform a more exhaustive characterisation.

PUBLICATIONS

Below are detailed the publications and the contributions to conferences resulting from this

thesis research work.
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